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Abstract 
Structural health monitoring (SHM) is to assess the condition of a structure or 
part of a structure so as to detect damage while monitored object is in operation. 
Early damage detection can prevent failure of structures through retrofitting or 
replacing damaged parts and can reduce maintenance costs and human casualty; thus 
serves two main purposes of safety performance and financial benefits. To evaluate 
and assess damage (especially cracks) in material structures, several non-destructive 
testing (NDT) techniques are used. Radiography, magnetic particle crack detection, 
eddy current and electro-magnetic testing are some of them investigate cracks for 
overall condition monitoring of the metallic materials in civil infrastructures, 
especially bridges. These techniques are not applicable for all materials due to health 
hazards, restriction to particular material type, dimension and defects. High costs, the 
need for professional personnel and an inability to detect all minute cracks means 
some other emerging methods like fibre optics, ultrasonic, sonic infra-red and 
vibration-based damage detection are also unsuitable. It is the introduction of the 
acoustic emission (AE) technique which can outweigh all these shortcomings and 
offer benefits to monitor the condition of structures. For real-time monitoring system, 
acoustic emission (AE) is considered as one of most powerful emerging methods. It 
is powerful tool because it can evaluate of any system without destroying the 
material condition or disrupting the operation. Many researchers have developed 
techniques which use AE parameters such as amplitude, signal strength, rise time and 
energy to determine the damage level and characterise that damage.  However, there 
have been a limited number of researches into relationship between failure 
mechanism (brittle/ductile crack) with AE parameters response or into classification 
of damage at the critical part of steel samples. 
This research therefore developed an analytical tool using AE to determine 
damage severity by relating the AE parameters with the failure mechanism on low 
carbon steel samples. AE sensors were placed on the surface of steel samples to 
record AE signals and two different experiments, flexural and tensile tests were 
conducted to generate the data set related to damage (cracks) and AE parameters.  
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The key findings from this research established that damage severity can be 
assessed through AE parameter analysis and failure mechanism. That is: (1) Loading 
configuration has an insignificant effect on AE parameters, (2) Substantial changes 
are found in AE parameters at the time of severe damage or sample failure, (3) Post 
ultimate load is an important zone for assessing damage as AE signals started to 
generate from this point until damage become severe and (4) AE behaviour is 
significantly influenced by the type of crack (brittle or ductile). It is expected that 
these positive outcomes of the laboratory-based study will enhance real life 
application of material structural health monitoring, especially for steel-based civil 
infrastructures.   
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Chapter 1: Introduction 
Structural health monitoring (SHM) with its emerging technologies has made a 
good impression in the civil and other engineering fields for condition monitoring. 
Among these technologies, acoustic emission is a uniquely fitted non-destructive 
SHM testing method for material structural damage monitoring. The present study 
has aimed to use this technique for developing an analysis tool to assess and evaluate 
the damage of steel samples under flexural and tensile loading.  
This chapter starts with the background (section 1.1) and questions of the 
research work (section 1.2). Section 1.3 lists the aim and objectives of the research. 
The scope has been mentioned in section 1.4, followed by the significance of this 
research in section 1.5 and the research outcome in section 1.6. Lastly, section 1.7 
outlines the remaining chapters of the thesis. 
1.1 BACKGROUND 
Structural Health Monitoring (SHM) can be referred to a tool of 
continuous/periodic diagnosis of a partial or full structure. SHM is a combination of 
the elements of non-destructive testing, condition or process monitoring, statistical 
pattern recognition and physical modelling (Figure 1.1) [1]. Early detection and 
retrofitting accordingly may lead to savings in maintenance costs as well as 
prevention of structure failure. After extreme events (such as earthquakes, blast 
loading), this process can be used for rapid condition screening and aims to provide 
reliable information about the integrity of the structures in real time [2, 3]. Therefore, 
SHM is a very appealing and acceptable application in various fields of aerospace, 
civil and mechanical engineering. 
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Figure 1.1. Elements of structural health monitoring 
Several accidents occurred in constructed bridges due to unsatisfactory 
maintenance and ill-controlled manufacturing processes. It is reported that one in 
four bridges in the USA are either structurally deficient or functionally obsolete [4, 
5]. In a study, it is found that the probability of collapsing bridges throughout the 
USA is 128 annually [6]. In the year 2007, three bridge failures happened across the 
world: the 1-35W Highway Bridge (USA), the Can Tho Bridge (Vietnam) and the 
Xijiang River Bridge (China) [7-9]. The failure of bridges causes not only financial 
loss but also loss of lives. In Australia, to avoid bridge related accidents, 100 million 
dollars are spent on maintenance and 16.4 billion dollars for the replacement of 
bridges each year [9, 10]. The facts and financial expenditure mentioned above 
emphasise the adoption of a maintenance technique at the earliest possible time to 
track the damage of the structure and retrofit those damages appropriately.  
A wide variety of damage techniques has been explored for SHM so far, 
namely fibre optics, ultrasonic, sonic infra-red and vibration-based damage detection 
eddy-current methods, radiography and acoustic emission (AE) [11, 12]. Among 
them, AE has been used in the SHM field for over five decades and has been shown 
to be a very convenient and reliable monitoring tool over the other techniques. AE is 
a phenomenon that occurs when an elastic wave generates from rapidly released 
energy inside a material, for instance, at the initiation of a crack [13]. Acoustic 
emission techniques can monitor the overall structural integrity continuously during 
the normal operation of structures, to detect automated cracks. Thus it becomes a 
well-fitted method for SHM. High sensitivity to minute damage and the ability to 
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detect sophisticated areas make AE an appealing monitoring tool for structural health 
monitoring of large civil infrastructures [14, 15]. However, several challenges exist 
in implementing AE techniques for complex structures and in handling the huge sets 
of data necessary for effective analysis to assess and evaluate the level of damage. 
The goal of this research is therefore to use an effective data analysis technique with 
combination of AE classical parameters and material failure mechanism to assess 
damage severity for structural steel under different loading configurations. 
1.2 RESEARCH QUESTION 
The present research will be conducted to address the following two research 
questions. Is it possible: 
1. to evaluate the damage of steel samples by AE parameter analysis? 
2. to assess the damage severity of samples based on AE parameters and 
identified failure mechanism? 
1.3 AIM AND OBJECTIVES 
The prime aim of this research is to assess and evaluate damage severity of the 
steel sample in the context of an acoustic emission technique with the help of AE 
analysis of recorded data, which is considered to be a challenge in AE techniques to 
date. In this study, the area of application is basically focused on civil infrastructures, 
especially steel bridges. However, it is expected that the proposed analysis 
techniques in this study will be helpful as a monitoring tool for other engineering 
structures as well as in different fields of application. To address this aim and answer 
the research questions, some specific objectives have been set up to conduct this 
research. They are as follows:  
1. The damage of carbon steel under flexural and tensile load will be evaluated and 
analysed by AE parameters.  
2. In both test set-ups (flexural and tensile tests), two different loading rates will be 
considered and the obtained AE data will be analysed and correlated to failure 
mechanism to assess the damage level. 
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1.4 SCOPE 
The acoustic emission technique (AET) is a popular monitoring tool, although 
effective data analysis is still a challenge. This research will develop an analysis tool 
by correlating the AE parameters with the damage mechanism to more effectively 
assess the damage of steel samples. Since low carbon steel is commonly used 
material for bridge construction, this research will therefore analyse the acoustic 
emission behaviour in low carbon steel sample with relation to the failure 
mechanism. No real time testing will be conducted. Only low carbon content steel 
samples will be used in all experiments due to availability and cost of the samples. 
 
Figure 1.2. Flow chart of damage severity assessment 
The damage assessment process adopted in this research can be summarized in 
Figure 1.2. Two basic mechanical tests (tensile and flexural test) will be conducted to 
damage the samples. Acoustic emission (AE) data will be collected simultaneously 
during the test. The damage condition on the samples will be crack and damage type 
in terms of brittle and ductile will be identified. The acquired AE data will be 
analysed through signal strength and correlation analysis using important and highly 
source related parameters (amplitude, energy, rise time, signal strength and duration) 
to evaluate the damage (minor or major). Correlation between previously identified 
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damage and AE analysis will be conducted to assess the material damage severity 
level. 
1.5 SIGNIFICANCE  
This research combined the AE parameters (e.g. amplitude, energy, rise time, signal 
strength, duration) with failure mechanism of steel samples under various loading 
configurations. The study determined the level of damage severity and indicated 
early damage of the samples. The outcome of this research thereby will be a reliable 
preliminary study for further comprehensive research on damage assessment for 
large scale samples and successful real time application can be implemented on real 
time monitoring. The researchers, with research interest on acoustic emission, can 
use the results from this study for developing universally approved damage 
assessment analysis tool. Maintenance engineers and end users of civil 
infrastructures will be beneficial, as early warning and effective damage assessment 
will reduce their maintenance costs by repairing earlier as well as save lives and 
properties. Since it is well desire for private and government industries to detect 
damages in their products at the earliest time, thus by implementing this analysis tool 
will be advantageous for them.  
1.6 RESEARCH OUTCOME 
The outcome of this research is given below: 
1. Experimental data for flexural test (consists of different loading rate) 
2. Experimental data for tensile test (consists of different loading rate) 
Peer reviewed conference paper 
1. Zohora, F., Tan, A.C.C., Kaphle, M. R., & Fawzia, S. (2014), Experimental study 
of crack propagation in carbon steel using acoustic emission.  Proceedings of 
Progress in Acoustic Emission, The Japanese Society of Non-Destructive Inspection, 
Sendai, Japan.  
1.7 THESIS OUTLINE 
This thesis consists of six chapters. Chapter 1: introduces the background of 
acoustic emission, the research question of the present study, its aim and objectives 
and the significance and scope of this research. Chapter 2: provides a brief 
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background of structural health monitoring and various methods used for this 
purpose. A thorough description of acoustic emission, its history, advantages and its 
challenges along with a comprehensive literature review have been conducted on AE 
data analysis techniques. Chapter 3: states a brief description of AE instruments and 
an experimental set up for the flexural (three point bending test) and tensile test. 
Chapter 4: describes results and subsequent analysis obtained from the flexural test 
(three point bending test) and tensile test for quantifying damage (crack) which 
occurred during testing of low carbon steel samples using acoustic emission 
parameters. Finally, Chapter 5: summarises the overall findings of the study and 
suggests possible future research directions.   
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Chapter 2: Background and Literature 
Review 
Chapter 2 starts with an overview of structural health monitoring followed by 
details of acoustic emission and data analysis. This chapter outlines the relevant 
literature reviews on acoustic emission (AE) parameter analysis of damage of steel 
samples for both flexural and tensile tests.   
This chapter begins with a background of structural health monitoring (section 
2.1) and an introduction to acoustic emission (Section 2.2) followed by a detailed 
description of the terms considered during acoustic emission data analysis in section 
2.3. A comprehensive literature review has been conducted on the relation of AE and 
failure mechanisms of materials (section 2.4) and AE data analysis technique 
(section 2.5). Section 2.6 lists various damage severity analysis techniques. Section 
2.7 highlights the implications from the literature and develops the conceptual 
framework for the study.                                    
2.1 STRUCTURAL HEALTH MONITORING 
Structural health monitoring (SHM) is a diagnosis tool for monitoring the 
condition of structures during their normal operation [16]. It has gained significantly 
high attention because it integrates different classical disciplines on a lateral basis. 
This includes materials science, NDT (non-destructive testing), structural dynamics 
and design, along with areas of maintenance logistics and, economics. SHM can also 
said to be a system where a sensor network, on board electronics and transmitter are 
linked into maintenance logistics [17]. Different kinds of SHM techniques have same 
components however, variation is found in integrated algorithm on the software, 
hardware used on the system and, types of sensors. The overall components and 
process of performing work of SHM technique are in same series (Figure 2.1), which 
include sensing data from structure, analog data digitize and transform into the 
system and, finally analysing the data in digital format. Therefore, defected zone are 
identified through variation in data set [18].  
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Figure 2.1. Components of SHM techniques [18] 
Implementation of SHM can be done on the structures, as it can monitor 
operational loads and components prone to accidental damage [17]. In a simple way, 
SHM can provide recurrent visual inspection and assessment of structural condition 
like, cracking, spalling and, deformation. The recent research aims to improve 
reliability and effectiveness of acquiring, managing, integrating and interpreting 
structural performance data by either removing or supplementing the qualitative and 
subjective human element. Despite the advancement of SHM techniques, 
considerable success has been achieved from simulations, laboratory studies and well 
controlled experiments. The effectiveness of SHM still needs to be proven for 
operational civil infrastructures [19]. In the aerospace field, SHM is a very powerful 
tool for condition monitoring [17].  
2.1.1 Methods Used for SHM 
Quantitative SHM methods have been used for a long time to analyse 
structures’ stability and defected zones. SHM methods can be broadly categorised 
into two types: global and local monitoring [18]. Global monitoring refers to 
assessing an entire structure’s integrity based on the principle of global properties’ 
(mass, stiffness and damping) changes, whereas local monitoring is for addressing 
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specific areas of damage [20, 21]. Depending on the duration and purpose of the 
monitoring, SHM also can be classified into two categories: long-term monitoring 
and short-term or campaign-type monitoring. In order to monitor long-term 
deterioration and, fatigue damage of the structures, long-term monitoring is 
performed for a few months or years. On the other side, short-term monitoring is 
used for assessing current integrity of the structures, such as load-carrying capacity 
for a short period of time ranging from a few hours to a few days or weeks. This type 
of monitoring method is widely used in assessment of retrofitted structures, post-
disaster condition assessment, and design optimization of long-term SHM methods 
before permanent deployment [22]. 
In order to detect faults in infrastructures, visual inspection and tap test were 
used in the past. These two methods are simple, but may not be suitable for large 
structures, as minute growing faults might go unnoticed. Consequently, due to 
extreme damage in structures, new technologies have been explored to introduce new 
methods for SHM as a damage detection tool [18]. From Kaphle [20] a summary of 
common SHM methods for large civil infrastructures can be found, where several 
non-destructive evaluation/testing (NDE/T) methods have been detailed, outlining 
their advantages and drawbacks. Table 2.1 shows an overview of different kinds of 
sensors used for monitoring structural damage condition in steel bridges. The 
structural damage condition considered for determining faults in steel bridge 
monitoring are corrosion, crack, displacement, fatigue, force, settlement, strain, 
temperature, tilt, vibration, wind and water level. This information is useful for 
determining the most appropriate sensors for a given application. The table is 
organised by structural damage condition, types of sensors and, features of the 
sensors. Depending on desired accuracy, overall cost and ease of installation, suitable 
sensors can be determined [23]. From the table, it can be seen that damage caused by 
corrosion and crack in steel bridge, can be determined by acoustic emission (AE). In 
the present research work, cracking was considered for damage assessment, 
therefore, AE was chosen as suitable sensor for this work.  
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Table 2.1 
Sensors used for Bridge Structure Damage [23]  
Damage 
condition 
Type of  
Sensor 
Features 
Corrosion Acoustic 
emission 
Detect corrosion in two ways: a) measuring 
response of ultrasound wave which was 
embedded into structure [24], and b) high 
frequency sound waves from flaws’ emission 
[25] 
Corrosion 
sensors 
Detect corrosion initiation and measure 
corrosion rate from embedded sensors [25] 
Fibre optics Detect corrosion from reduced power of light 
reflection from corroded portion [24] 
Cracking Acoustic 
emission 
Detect early stage cracks either globally or 
locally, but background noise is problem [25] 
 Crack mater Measure surface crack width and best for 
concrete decks [23] 
 Thermography Detect subsurface abnormalities by measuring 
change in infrared radiation from the surface, 
however, it does not show  depth of the cracks 
[26] 
Fatigue Fatigue sensor Detect the amount of fatigue damage and 
determine expected design life by monitoring 
crack growth  
Force Load cell Measure applied load, load cells need to be 
applied directly to the structure & the 
application highly affects sensor’s reliability  
Settlement Settlement 
gauge 
Monitor settlement, heave, and consolidation 
during construction process [26] 
Strain Fibre optics Measure strain and acquire a continuous 
distribution of strain, however cannot measure 
local strains [24] 
 Foil strain 
gauge 
 
Measure strain easily through electrical 
resistance, yet temperature, environmental 
noise, and type of adhesive have effects on the 
performance 
 Semiconductor 
strain gauge 
Detect preferably small strains; sensitive to 
temperature change 
 Vibration wire 
strain gauge 
Measure strain from resonance frequency of 
wire; without any signal loss long distance 
transmission is possible 
Temperature Fibre Optics Measure temperature along with other 
parameter in some case [24] 
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 Thermocouple Measure temperature in relation to 
thermoelectric voltage 
 Thermography 
 
Measure surface temperature by detecting 
emitted infrared 
 Thermoresistor Measure temperature in relation to electrical 
resistance; smaller temperature range, sensitive 
to high vibration environments  
Water level Piezometer Measure pure water pressure behind retaining 
walls and during fill or excavation 
Wind Anemoscope Measure wind velocity, angle and orientation; 
suitable for bad weather condition [26] 
Displacement Global 
positioning 
system 
Measure displacement continuously from 
satellites, yet, transmission of GPS signals can 
be interfered with various means  
 Joint meters 
 
Measure displacement in joints in concrete, 
similar principle as crack meter [23] 
 Laser scanning Provide 3D displacement and static deformed 
shape of entire bridge, no requirement of 
wiring and weight to structure are advantages, 
however weather condition is a concern for this 
method   
 LVDTs Measure linear displacement such as crack 
location, length and crack growth rate; only 
measure displacement at one point and 
impractical for large bridges [26] 
 Liner 
potentiometers 
 
Measure large range of displacement by 
attaching steel wire to a point on the structure; 
lower accuracy 
 Photographic 
devices 
Monitor structural movement and construction 
progress; images can be used to correlate with 
data from other sensors; ease of operation and 
available and low cost storage of data 
Tilt Capacitive tilt 
meter 
Determine the distortion in bridge geometry by 
using angular change  
Vibration Capacitive 
accelerometer 
Measure acceleration with respect to electrical 
capacitance change, however, the device is 
susceptible to electromagnetic interference. 
 Piezoelectric 
accelerometer 
 
Measure acceleration with proportion to 
emitting charge from piezoelectric materials; 
not suitable for measurement of vibration of 
large structures and sensitive to excessive heat 
 Laser Doppler Measure velocity and displacement of points on 
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vibrometer a vibrating object by using lasers; suitable for 
vibration data acquisition systems and 
measurement of high frequency components of 
small vibration  
  
For investigating cracks in structures or materials, there are many NDT 
methods used so far. Some commonly used NDT methods are radiography, magnetic 
particle crack detection, eddy current and electro-magnetic testing, which detect the 
cracks either globally or locally. Different types of NDT methods have their own 
advantages and limitations. Limitations that can be considered for these NDT 
methods are: 1. radiography is hazardous for health, 2. magnetic particle crack 
detection technique is only applicable for ferrous materials and, 3. eddy current and 
electro-magnetic testing are not suitable for internal flaw detection. Therefore, these 
methods do not show suitability for application in all kind of structures’ damage 
detection. Besides these methods, some immerging techniques, such as fibre optics, 
ultrasonic, sonic infra-red and acoustic emission, along with vibration-based damage 
detection methods have been used for detection of faults in structures. Fibre optics, 
ultrasonics and sonic infra-red can detect wider range of cracks/flaws. However, due 
to high cost, requirement of professional personnel and an inability to detect all 
minute cracks, these methods are unsuitable for all types of materials. On the other 
hand, vibration based methods mainly provides global information, therefore, it may 
overlook some damages occur in large structures [11, 14, 27]. Acoustic emission is a 
surface elastic wave propagating through the structures, so crack initiation and 
growth in the structure can be identified by the change of the wave propagation. It 
can thus provide both global and local information of the structures. Acoustic 
emission technique has been used for fault detection in civil infrastructures in last 
few decades and proved to be suitable for this purpose [12]. In the present study, 
acoustic emission technique was used for detection of crack initiation and 
propagation in steel samples.  
2.2 ACOUSTIC EMISSION 
The word “acoustic” is derived from the Greek word “akoustikos”, which is 
related to “hearing”. The precursor of any structural collapse produces sound prior to 
failure. Likewise, a sound emits first before the break of a tree branch. Acoustic 
emission is the form to the ears that can be compared with the form to the eyes [28]. 
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At the time of fracture, cracking occurs with the release of stored strain energy. As a 
consequence of micro-cracking, some of the stored strain energy is released as elastic 
waves, which is termed as “Acoustic Emission” [29]. According to ASTM E1316-
2010 [16] acoustic emission can be defined as the class of phenomena where 
transient elastic waves are generated by the rapid release of energy from localised 
sources within a material. The diagrammatic presentation of the AE phenomenon can 
be seen in Figure 2.2, where the structure is subjected to stress and cracks occur. The 
cracks act here as a source of AE waves, which propagate through the structure and 
can be detected by AE sensor. The sensor turns the AE waves into electrical signals 
and sends them to the AE acquisition system for further analysis. 
 
Figure 2.2. Acoustic emission technique [30] 
An interesting analogy can be made with the AE phenomenon to an 
earthquake. An earthquake is a sudden movement of the Earth’s crust, which 
produces seismic waves (elastic disturbance). Due to the propagation of these waves, 
the ground vibrates, which damages the earth’s surface. The severity of the damage 
depends on the earthquake magnitude and local geological condition. The seismic 
waves can be recorded by seismometers. The analysis of the seismic waves can show 
location and depth of the source. The AE techniques can be considered as a form of 
micro-seismicity [31].  
2.2.1 Brief History of AE 
The first documented of AE observation was done by an Arabian alchemist 
Jabir Ibn Hayyan in the 8th century. In a book, he wrote that a “harsh sound or 
crashing noise” was emitted from tin while working and iron was mentioned as 
“sounding much” during forging. In 1920, Abram Joffe from Russia found that from 
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the deformation process of salt, noise was generated. A series of experiments was 
done by Kishinouye of the Earthquake Research Institute at Tokyo Imperial 
University to record the AE signals from fractures of wood under flexural stress [29]. 
In 1936, Friedrich Forster and Erich Scheil in Germany performed early AE 
experiments to measure small voltage and resistance variation caused by sudden 
strain movements due to martensitic transformation in steel. In 1948, Warren P. 
Mason, Herbert J. McSkimim and William Shockley from the United Kingdom 
suggested that AE measurement could be done by means of a stress wave they 
generated. The scientific application of AE first emerged in 1950. Josef Kaiser 
(Germany) used tensile tests in engineering metallic materials to find the 
characteristics of AE. The observation he found was named after him, the Kaiser 
Effect, which was an irreversibility phenomenon. After Kaiser’s experiment, first 
extensive research was done by Bradford H. Schofield in 1954. He did a number of 
experiments in material engineering fields by using AE. He came to a conclusion 
after his investigation that AE is not a surface effect; rather, it is a volume effect. 
Schofield published a report entitled Acoustic Emission under Applied Stress and 
here he initiated use of the term “Acoustic Emission” [29]. In 1957, Clement A. 
Tatro forecasted that AE could be used as an NDT method. The first industrial AE 
test was conducted in the USA (in 1961) to verify the integrity of the Polaris rocket 
motor for the US Navy. During hydrostatic testing of the rocket motor, audible 
sounds were noticed. In 1963, an AE test was suggested by Dunegan for a high 
pressure vessel, and for a nuclear reactor (1965) to investigate the loss of coolant. 
Dunegan founded the first specialized company for AE equipment in 1969. In the 
early 1970’s, the first application of the AE technique was used to monitor bridges 
and later in the decade, the US Federal Highway Administration performed 
successive experiments on bridges. Initially AE technology was developed for 
metals; however, later research interest grew stronger for concrete engineering. 
Currently, AE has been used as one of the most popular non-destructive testing 
methods in all industries throughout the world, for diverse types of structures and 
materials [16, 30-32].   
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2.2.2 Comparison with other NDT  
A more predominant way to present the differences between NDT techniques 
and AE technique is to addressing the way the technique is used and the types of 
information obtained from it.  
 The energy that is detected in the AE technique originates from the specimen 
itself; in contrast, response to an external applied signal is studied in ultrasonic 
testing. Therefore, AE can be considered as passive NDT, while other techniques are 
active NDT. The concept of active and passive techniques is illustrated in Figure 2.3, 
where in active technique, an external source emits the waves and in passive, a 
source inside the material emits the waves. 
 
Figure 2.3. Active and passive NDT methods [31] 
 For AE techniques sensors located in any position inside the vicinity, an AE 
source can potentially detect and locate the source of emission without any prior 
knowledge of the probable location of fault. For other techniques, this property is 
absent [31]. 
2.2.3 Advantages and Limitations of AE Techniques 
The features of the AE technique possess advantages as well as a few 
limitations. Some of the advantages over other NDT techniques are listed below:  
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 High sensitivity to crack growth is the most important advantage of AE 
techniques over others. AE can detect the cracks in their very early stages. It is 
sensitive enough to track minute cracks [33].   
 The AE technique has the ability to detect cracks which are hidden or in 
sophisticated areas within the AE sensor’s sensitivity range. It also enables real time 
monitoring because the AE signals are generated as soon as the crack is detected.  
 AE testing is a passive technique, meaning the energy that generates from the 
source inside the specimen is recorded without using any external energy. Moreover, 
it is an extremely useful technique to test the structure under real load conditions 
without interfering with normal activity of the structure to record possible failure 
process [34]. 
Besides there being several useful points of AE techniques over other 
techniques, there are a few limitations of AE that should be addressed for reliable 
analysis of acoustic emission signals. Due to the type of AE signal source (such as 
sudden and sometimes random formation of cracks), it is not always possible to 
reproduce exactly the same test even for the same shape and same material 
properties. The magnitude of the recorded AE signal energy respective to failure is 
much smaller as compared to the signals used in ultrasonic techniques. Thereby, 
more sensitive sensors, as well as preamplifier and amplifier are required, which are 
associated with ambient noise, attenuation, and low signal-to-noise ratio. 
Sophisticated data processing is also required to analyse the signals [31].       
2.2.4 Application Areas of AE  
A number of successful AE application techniques have been implemented in a 
wider range, from the engineering field to the medical field, using diverse materials 
such as metals, concrete, composites, wood, rocks, and polymer [14, 32]. Based on 
the focus of the present study (steel bridge structures), the application area of AE has 
been categorised into two areas: 1. general application to get an overview of general 
AE application and 2.bridge application to get an in-depth view of bridges structures.  
2.2.4.1    General Application 
Since modern AE application range is huge, some common applications of AE 
technique include monitoring pressure vessels, aerospace structures, rotating 
machinery and damage assessment in fibre-reinforced polymer-matrix composites 
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[30]. Scruby [13] and Muravin [35] listed the application of acoustic emissions into 
three areas, depending on the source:  
i. Structural testing and surveillance  
ii. Process monitoring and control, and 
iii. Materials characterisation  
The application of AE is also ranged to petro-chemical, power, nuclear power, 
gas-treatment, military, pharmaceutical and automotive industries [35]. Beside this 
classification, there are several ongoing studies on the implementation of AE 
technique.  
In medical application: Some initial trials have been done by using AE in 
orthopaedic diagnostics, where a non-destructive as well as non-invasive evaluation 
method is required to ensure quality control, so that it does not harm the patient, 
either by radiation or by an invasive examination. The findings from this research 
area have shown it to be a promising field in which condition of human joint 
degradation can be quantified [32]. 
In industrial application: AE has become a popular monitoring tool in 
industries. It has been used for testing and monitoring, from simple fluid 
transmission pipelines to large nuclear pressure vessels. Other industrial applications 
are loose particle detection, leak testing, weld and drill monitoring and corrosion 
detection in metals. In the field of rock mechanics, AE has been proven as a useful 
tool for field studies of geologic structures [32, 36]. 
2.2.4.2    Bridge Application 
Usually, bridges contain several joints, welds, and connections. The experience 
of heavy loads and environmental factors stimulate the initiation and propagation of 
damage through the process of fatigue cracking and corrosion-related metal thinning. 
The bridges are usually inspected every two years. If any damage is detected, the 
necessary steps (e.g. lowering weight capacity, shutting down, and more frequent 
monitoring) are taken, depending on the stage of damage. Currently, acoustic 
emission is being used for the monitoring of bridges because of its versatile and non-
invasive approaches of collecting information. It has the ability to collect data 
through continuous monitoring and can detect any change of infrastructure as a result 
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of damage, without disrupting the normal function of the bridges [30]. Consequently, 
AE technology in bridge application has become an active field of study. As steel 
and concrete are two commonly used materials for bridge construction, so studies 
have been mainly focused on these two materials [8]. Application of AE techniques 
in steel bridge and concrete bridge have been discussed in next sections. 
2.2.4.2.1 Steel bridges: Modern AE monitoring techniques for bridges 
started from 1972 on a portable military bridge to ascertain discontinuity of a bridge 
girder by AE amplitude distribution analysis. From then on there have been a number 
of tests conducted on steel bridges by different researchers around the world for both 
local and global structural integrity monitoring. These works have primarily focused 
on the location of the new crack source [37, 38], fatigue crack propagation [39, 40], 
effectiveness of retrofitted structures, and rejection of noises [38, 41]. AE has shown 
encouraging outcomes from several laboratory tests, for locating and characterising 
cracks and other defects, failure analysis, noise localisation and retrofit evaluation 
[42].  
 
Figure 2.4. AE in steel bridge monitoring [42] 
Figure 2.4 shows one example of AE application for steel bridge monitoring in 
the USA. The suspected damage was situated in a fracture critical member (along a 
web flange); meaning fracture of that member would cause failure of the bridge. A 
planar array of five sensors was installed close to the area of interest, where one 
sensor was placed on the suspected fault area and the other four additional sensors on 
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the vertical flange of the bridge for detecting crack propagation into the vertical 
flange [42].  
2.2.4.2.2 Concrete bridges: Initially, concrete bridge monitoring works 
were started based on Ohtsu and Yuyama’s studies [41, 43]. The findings from these 
studies include diagnosis of concrete failure mechanism by AE, assessing the 
damaged or repaired structures, and quantifying micro-fractures. The necessity of 
using assessment tools for concrete bridge monitoring has increased with the increase 
of aged bridges throughout the world. This is why research interest in this area has 
become stronger and many studies have been done to date. Different types of 
concrete, such as reinforced concrete [44, 45] and prestressed concrete [25, 46], were 
used for assessing damage by AE data analysis. New attempts have been made to 
find the probability of AE application in the field of reinforced corrosion (detection 
and assessment) [47].               
Besides steel and concrete structures, AE has the potential to assess and 
monitor masonry bridges. Laboratory work has been performed to assess and locate 
the damage of the bridge under static and cyclic loading [14, 48] 
To summarise, use of the AE technique has been endeavoured to monitor 
bridge structures and assess the damage through several studies. Though results 
obtained in an experimental environment for both local and global monitoring have 
appeared to be promising, however, applying for real time in-situ monitoring requires 
overcoming few challenges such as background noise, effective assessment of 
damage, source location.  
2.3 ACOUSTIC EMISSION DATA ANALYSIS 
When the amplitude of the signals exceeds the threshold level, only those 
signals are recognised as AE signals and recorded. During AE measurement, 
parametric features such as, amplitude, hit, counts, duration, energy, signal strength 
and, rise time as well as AE waveforms are recorded. Therefore, waveform based 
features such as peak frequency and frequency centroid can be determined in real 
time from Fast Fourier Transform (FFT) of the recorded waveforms. Thus, extracted 
AE parameters offer good information about failure or damage behaviour of the 
materials [31]. The details of acoustic emission data analysis have been described in 
this section. 
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2.3.1 Sources of AE  
Sources of acoustic emission can vary from natural events like earthquake, 
rock bursts to initiation and growth of cracks, slip and dislocation movements, 
yielding, melting, twinning and phase transformation in metals. In composites, 
matrix cracking and fibre breakage, de-lamination and de-bonding are some of the 
AE sources. Aggregate fracture and voids closure are two AE sources found in 
concretes. The AE source mechanisms in metals are either of microscopic or 
macroscopic nature. Acoustic activities can be categorised into two types: primary 
emission and secondary emission. Primary emission generates from internal sources 
of metals associated with microstructural mechanism, whereas secondary or pseudo 
emission originates from stress wave sources, or external material surfaces associated 
with various mechanisms [41, 49]. Table 2.2 shows the examples of primary and 
secondary emissions.  
Table 2.2 
Examples of Primary and Secondary Acoustic Emissions [41, 49]  
Types of emissions Examples  
Primary Crack jump, plastic deformation, crack 
growth/initiation 
Secondary Crack surface friction, leaks, knocks, 
corrosion layer fracture in corrosion 
fatigue, inclusion breakage in the 
process zone, fatigue from crack face 
closure 
             
2.3.2 AE waves 
Acoustic emission wave propagation in solids is highly complex; however it 
can be classified into four principal modes: longitudinal wave (compression/P wave), 
transverse wave (shear/S wave), surface wave (Rayleigh wave) and plate wave. In 
addition to these waves, reflected and diffracted waves are also found in the 
propagation of AE in solid mediums. A detected AE signal theoretically should start 
with a P wave and, if high noise presents and the P wave is interfered with, then 
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either an S wave or Rayleigh wave may be found [29]. A brief overview of AE wave 
modes are described below.  
Longitudinal wave and transverse wave  
In longitudinal waves, particles’ motion is parallel to the direction propagation, 
while in transverse waves, particles’ motion is perpendicular to the direction 
propagation. A longitudinal wave is known as a compression wave, primary wave or 
P wave and the transverse wave has other names such as a shear wave or S wave. 
Both waves together are called a bulk wave or body wave. A P wave can effectively 
propagate in liquids and solids, while an S wave is not effective in propagation 
through liquids or gases [41]. The diagrammatic presentations of longitudinal and 
transverse wave are shown in Figure 2.5. 
 
(a) 
 
(b) 
Figure 2.5. (a) Longitudinal wave and (b) Transverse wave [41] 
Surface wave 
Surface waves or Rayleigh waves (Figure 2.6) propagate on the surface of 
semi-infinite solids. The interaction of longitudinal and shear waves on the surface 
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produces this wave and it travels with a velocity slightly slower than that of a shear 
wave [14]. 
 
Figure 2.6. Surface wave [41] 
 Lamb wave 
In a medium bounded by two surfaces (e.g. plate), surface wave can be coupled 
to produce more complex propagation modes named plate waves. If the particle 
vibration is parallel to the plane layer and perpendicular to the wave motion, then it 
is called a Love wave, and if particle vibration has a component perpendicular to the 
surface, then it is called a Lamb wave. This wave has two modes: symmetric and 
asymmetric. Density, elastic and material properties have an influence on Lamb 
wave propagation. The velocity of a Lamb wave modes depends on plate thickness 
and frequencies [41]. The basic modes of Lamb wave has been illustrated in Figure 
2.7.  
 
Figure 2.7. Two modes of Lamb wave [41] 
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2.3.3 Attenuation 
The reduction of AE signal amplitude as a wave propagates is referred to as 
attenuation. Pollock (1986) identified four principles that contribute to attenuation is 
as below:  
1. Geometric spreading of wave front 
2. Internal friction 
3. Dissipation of wave into adjacent media, and 
4. Dissipation of signal component. 
In the area near to the fault source, dominant attenuation is geometric 
spreading of wave front. In plates, where 2D wave propagation occurs, the 
attenuation happens as inversely to the square root of the propagation distance. This 
can provide a relatively higher attenuation level over a few centimetres of 
propagation. Further away from the source, which is the most important area for AE 
measurement, attenuation is governed by absorption or conversion of sound energy 
into heat. Absorption has an exponential relationship with the distance of 
propagation. Inhomogeneities (e.g. grain structure in metals) in the propagation 
medium scatter the sound wave in the same material and cause dispersion 
attenuation. This attenuation is most predominant for samples in contact with an 
adjacent liquid such as a pressure vessel. Attenuation due to velocity dispersion is 
caused by various frequency components of a broadband Lamb wave. They travel at 
different velocities, which results in spreading in time and attenuation that occur as a 
consequence. The magnitude of amplitude loss depends on the bandwidth of signal 
and dispersion curve’s slope [41]. Quantitative expression of attenuation of elastic 
wave can be represented by Q value.  
E
E
Q


2
                                                                                                      (2.1) 
where, E - energy level of wave; E  - energy change. For pure elastic material 
E  = 0 and Q = infinite [31]. In the case of steel members, higher frequency sensors 
tend to show greater attenuation with distance, whereas much greater attenuation is 
seen in composite materials such as concrete and FRP (Fibre-reinforced plastic), and 
position of sensors and source are two crucial factors for optimal attenuation. 
Thereby, special attention needs to be paid to attenuation [25, 50].  
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Material properties are an influential factor for attenuation; for instance 
attenuation is more in concrete compared to steel. Attenuation is a very important 
factor when selecting the optimal position and the number of sensors. AE waves can 
be recorded up to a certain distance due to attenuation. Considering this fact, the 
resonant sensors are placed as close as possible to the crack initiation points on the 
test specimen. There are two categories of sensors based on the frequency response: 
broadband sensor and resonant sensor. In a broadband sensor, the peak sensitivity is 
1500 V/(m/s) whereas, the resonant sensor shows more sensitivity (3500 V/(m/s)) 
(Figure 2.8). Therefore, a resonance type sensor is a better option for higher 
sensitivity [14, 51].  
 
Figure 2.8. Frequency response from two types of AE sensors [51] 
2.3.4 Noise 
The definition of noise in AE techniques usually refers to any presence of 
undesirable emission of no interest or relevance to the study [41]. Sensitivity of an 
AE system is often influenced by nearby background noise. Some noise includes, but 
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is not limited to frictional sources (e.g. loose bolts or movable connectors that shift 
when exposed to wind loads) and impact sources (e.g. rain, flying objects or wind-
driven dust) in bridges. The area, which is tested, may be disturbed by mechanical 
vibrations (e.g. pumps). This also can be considered as a source of noise. Different 
procedures can be implemented to supress the background noise. Some possible 
approaches may include fabricating special sensors with electronic gates for noise 
blocking, taking precautions to place sensors as far away as possible from noise 
sources, and electronic filtering (either using signal arrival times or differences in the 
spectral content of true AE signals and background noise) [14, 41]. It is important to 
suppress the background noise from signal to obtain accurate results from the tests. 
2.4 RELATION OF AE AND FAILURE MECHANISM  
As discussed earlier that AE has been used for several types materials, failure 
mechanisms are different. However, responses of AE in different materials with 
respect to failure mechanisms are quite similar. At major or failure of material, it is 
expected to get higher amplitude AE hits. AE response changes at starting of the any 
damage depending on type of material. Relation of AE and failure mechanism for 
different materials has been discussed in the following sections. 
2.4.1 For Composites 
Oxide/oxide, glass/polypropylene, glass fibre reinforced are few of many 
composites used for analysing failure mechanism by means of AE technique [52-54]. 
There are few common failure mechanisms found for composites materials which 
include matrix cracking, fibre breakage, fibre/matrix debonding, and delamination. 
Matrix cracking occurs at the beginning of the damage which is not visible at naked 
eyes most of times and is associated with low response of AE. When the visible 
crack is observed, there are other kinds of failure mechanisms found and AE 
response to these mechanisms are both low and high amplitudes [53]. Fibre breakage 
usually associated with higher AE hits since fibre fracture occurs inside the materials 
[52-55].                                              
2.4.2  For Concretes 
Different concrete materials (e.g. fibre reinforced concrete, prestressed 
concrete) used for failure mechanism analysis by AE. Tensile, shear and mixed mode 
are three types of failure mechanisms consider for brittle materials like concrete     
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[56]. In tensile mode (Mode I) is the sides of cracks move away from each other and 
usually occurs at the beginning of the damage which is associated with low 
amplitude AE hits. Shear mode (Mode II) follows tensile cracks and the side of the 
cracks slide each other causing higher response of AE. Beside this two modes, mixed 
mode (Mode III) exists which is combination of tensile and shear cracks [56, 57]. 
Generally, mixed mode becomes profound at fracture of the materials [58].  
2.4.3 For Metals 
Usually failure mechanism has an influence on detectability of AE [16]. The 
most detectible acoustic emissions can be observed either when a material undergoes 
plastic deformation due to loading or a material is loaded at or close to its yield 
stress. On the microscopic level, during plastic deformation of material, atomic 
planes slip onto each other through dislocation movement. These microscopic 
dislocations release energy in the form of elastic waves which travel through the 
material. If that material possesses any cracks inside, the stress levels in front of the 
crack tip can be much higher than the surrounding area. This way, when a material 
with cracks undergoes plastic deformation, AE activity can be observed. There is a 
close relation between the amount of energy released by an acoustic emission and the 
amplitude of the waveform with the source’s magnitude and velocity. The velocity of 
crack propagation and the amount of surface area created possess proportionality to 
the amplitude of the emission [30]. As the waveform shape of AE signal depends on 
crack modes, therefore, for correlating the crack behaviour with AE parameters in 
different materials is beneficial to discriminate the crack modes. Two typical crack 
modes are considered for this purpose: Mode I: tensile type and Mode II: shear type 
[31, 57]. When the material is under loading, initially mode I (tensile type) fracture 
appears and mode II (shear type) becomes dominant while final failure is 
approaching [58]. When a tensile event occurs, the sides of the crack move away 
from each other causing transient volumetric change (Figure 2.9 (a)). As a 
consequent, most of the energy is transmitted in the form of longitudinal waves with 
small amount of shear waves. Therefore, most of the energy is recorded quit early, 
resulting shorter rise time (RT) and shorter duration as shown in Figure 2.9 (a). In 
case of a shear crack, the shape of the material near the crack vicinity changes 
(Figure 2.9 (b)) and the proportion of energy shifts in favour of shear waves. 
Therefore, most important part of waveform arrives much later than that of 
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longitudinal waves. As a result, rise time and duration of AE signal correspond to 
shear crack is longer as shown in Figure 2.9 (b) [57]. Ohno et al [59] presented 
models of tensile, mixed-mode and, shear cracks as shown in Figure 2.10. The arrow 
vector indicates a crack motion vector and the circular plate represents a crack 
surface.   
 
Figure 2.9. Shear crack and tensile crack [57, 60] 
 
Figure 2.10. Classification of cracks [59] 
Budano et al [61] explained failure mechanism of steel in terms of brittle and 
ductile fracture. In case of brittle crack, the crack propagation path is perpendicular 
to the main crack path surface, while the propagation path is found to be parallel to 
the main crack surface for ductile crack. In addition, brittle fracture is expected to be 
quick failure, whereas ductile fracture is slowly generated cracks. Carpinteri et al 
(a) Tensile crack
(b) Shear crack
Tensile Crack Mixed-mode Crack Shear Crack 
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[62] have correlated shear cracks with brittle cracks by stating that shear modes give 
rise to brittle fracture of the material. The mode of the crack can be confirmed by 
visual observation of the crack geometry during the test [57].  
 
Figure 2.11. Stress-strain curve with AE energy for steel sample [63] 
Han et al [63] conducted a tensile test on steel samples and divided the total 
stress-strain curve into four stages: 1. micro-plastic deformation zone, 2. yielding 
zone, 3. strain hardening zone and 4. necking and fracture zone. Figure 2.11 
illustrates the four stages, where two initial stages generate higher AE signals with 
higher AE energy values and a much higher AE energy represents the final fracture.  
2.5 ACOUSTIC EMISSION ANALYSIS TECHNIQUE 
In a broad sense, acoustic emission analysis techniques have been classified 
into two processes: Signal based AE analysis and Parameter based AE analysis. The 
former one is considered as quantitative, while the latter is classical or conventional 
[45]. Both approaches have been applied with success in different applications. Brief 
details of both analysis techniques have been described in the following section. 
2.5.1 Signal based analysis 
In the signal based approach, AE signals are recorded as waveform along with 
AE parameters. For this technique, better sensors and higher computing resources are 
required for acquisition. This is also known as waveform based analysis [64]. This 
technique has the capability to discriminate noise from the recorded signals based on 
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waveform, as waveforms are still available after measurement. In addition, post-
processing software can be used for data analysis. Although waveform shape is 
influenced by the geometry and nature of the medium of propagation, it can still 
provide information about the nature of the source. Frequency analysis is the mostly 
used tool, which is done by Fourier transform or time-frequency analysis method 
such as Short time Fourier transform (STFT) and Fast Fourier transform (FFT) [14].    
 
Figure 2.12. Burst and continuous signal [31] 
Usually two types of AE signals can be found: burst type or transient, and 
continuous. According to [16], burst emission is a discrete signal related to 
individual emission occurring inside the material for a short duration, whereas 
continuous sustained signal is produced by time-overlapping signals for longer 
period of time. Both signals are shown in Figure 2.12. General sources of burst type 
signals are crack growth, break of corrosion products, erosion and cavitation process, 
phase transformations, impacts, electric discharge. On the other hand, continuous AE 
signals may include leaks or rubbing where signal transient wave cannot be separated 
[65].    
Saved waveforms can offer a tremendous flexibility since they can provide a 
record of true collected waveform and information about pretriggers (the part of 
waveform before it first cross the threshold) with no distortion. However, generation 
of a large volume of data is the main limitation of this technique for which larger 
memory and fast computers required. The frequency range of the AE wave is from a 
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few KHz to MHz. To ensure this range, recorded sampling rate should be at least 
twice of the maximum frequency [14, 65].  
2.5.2 Parameter based analysis  
In the parameter based approach, some of the parameters of the AE signal are 
recorded for assessing the extent of damage. In this approach, fewer amounts of data 
need to be stored as well as ensuring faster data recording. The main advantages of 
this technique are that it can record and store data in higher speed.   
When an AE sensor is subjected to a mechanical movement or in other word, 
fracture phenomenon, an electrical signal generates, which can be identified as an 
AE signal. According to ISO 12716 [66], AE signal parameters are defined as 
follow: 
 
Figure 2.13. AE signal features [31] 
Threshold: The centre line in Figure 2.13 represents threshold of the AE signal. It is 
the minimum amplitude of the AE signal that will be recorded and analysed. This 
value can be chosen by the operators depending on the requirement of the test. It is 
expressed as dB (decibel). It is an important variable as the measurements depend on 
it to avoid low environmental noise, but at the same time sensitive enough to record 
actual AE events due to crack propagation [41, 57]. 
Hit: A signal which exceeds the threshold and causes a system to start accumulating 
data can be referred to as hit (Figure 2.13). Hit rate is one of the frequently used 
parameters for AE data analysis.  
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Count/Ring-down count/ Emission count: Count is a number of times a signal 
crosses the acquisition threshold within the duration. In Figure 2.13, nine counts can 
be identified. Sometimes, the number of counts between triggering the threshold and 
the peak of the signal is called Count to Peak which is four for Figure 2.13. Counts 
strongly depend on the threshold and operating frequency [31]. 
Amplitude: The peak voltage of the signal is known as amplitude (Figure 2.13). It is 
expressed in decibel scale (dB). Amplitude is a frequently used parameter as it is 
closely related to magnitude of the fracture event [31]. 
Duration: This is the time interval between the triggered time of one AE signal to 
the termination of that signal (Figure 2.13). It is expressed in microseconds (µsec). 
Duration of AE signal depends on the source magnitude and noise filtering. 
Rise time: Rise time, as shown is Figure 2.13, is a time interval between the time a 
signal is triggered and the time of maximum amplitude. It is also expressed in 
microseconds (µsec). It is used for classifying the fracture or for rejection of 
background noise. 
Energy: Energy is defined in various ways, such as area under the amplitude curve 
and, RMS (root mean square). It is the measured area under the AE signal over the 
duration. 
Signal strength: AE signal strength is other parameter that is used for damage 
evaluation. AE signal strength, sometimes referred to as relative energy, is the 
integral of the rectified voltage signal over the duration of the AE waveform. 
RA (Rise time divided by Amplitude) value and Average frequency (count over 
duration of one signal) are another two parameters of AE that are applied in signal 
data analysis, especially during tensile testing to sort signals from tensile to shear 
cracks [31].  
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Figure 2.14. Frequency parameters [51] 
Frequency parameters play an important role to interpret AE data as they can 
be acquired as waveform. Sampling rate and waveform length affect the resolution of 
the frequency parameters thereby attention is needed during frequency analysis.  
Frequency Centroid: Frequency centroid, which is also known as first moment of 
inertia, is feature derived from frequency in real time. If a sum of magnitude times 
frequency is divided by a sum of frequency, then the result is known as Frequency 
Centroid (C) shown in Figure 2.14. Frequency parameters [51]. This is reported in 
kilohertz (KHz).  
Peak Frequency: Peak frequency (PF) as in Figure 2.14 is the point in the power 
spectrum at which the peak magnitude is observed. This frequency feature is reported 
in kilohertz (KHz) [31, 67]. 
A short outline on AE parameters, along with information they carry about the 
damage source has been reported by Kaphle [14] and Ozevin [68] in Table 2.3. Time 
domain and frequency domain features provide good information about waveform 
shape and content [67] 
Table 2.3 
Outline of AE parameters with information about AE event [14, 68] 
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In practical application of parameter based analysis, it is difficult to 
differentiate an AE signal from background noise [31]. Therefore, special care is 
required to suppress noise from the signal. However, this analysis does not require 
much memory. It is capable of extracting real-time features and fast analysis possible 
with this approach.  
2.6 SEVERITY ANALYSIS OF DAMAGE 
Since every steel structure possesses unique loading conditions, material 
properties and surrounding variables, and also because there are no particular 
standardised procedures for steel bridge monitoring, it is difficult to analyse AE 
quantitatively for actual bridge structures. In addition, numerous AE data assessment 
techniques have been proposed and been successful in experimental trials; a limited 
number of them have been successful for practical in situ monitoring [25]. Severity 
of the materials (major and minor damage) was considered based on AE activities. 
When a material undergoes to deformation and exhibits low AE events then it is 
considered as minor damage while high AE events represent major or severe damage 
[69-71]. For example, in case of concrete materials, tensile cracks appear during 
crack opening and show low rise time and high frequency. In contrast, shear cracks 
appear during failure stage with high rise time and low frequency [70]. In order to 
assess damage severity, statistical values of AE parameters and some combinations 
Domain Parameter Information about the source event
Rate Rate of damage occuring
Peak amplitude Intensity of source event, orientation
Relative arrival times Source location
Duration or count Energy of source event
Waveform Structure of source event
Energy Energy of source event-damage type
Frequency domain 
variables
Frequency spectrum Nature of source event
Spectrogram Energy distribution of source event through time
The time variation of each 
grequency component
The intensities of source frequency components
Time domain 
variables 
Time-frequency 
domain variables
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among AE parameters as well as external parameters have been studied so far. Some 
of the assessing approaches are discussed briefly in following sections.  
2.6.1 Intensity signals analysis 
In statistical analysis of AE parameters, Historic and Severity Indices have 
been used to assess structural integrity. The technique has been used successfully in 
fiberglass reinforced plastic resin (FPR) and metal piping evaluation. Applicability of 
this technique in concrete has been attempted. Historic and Severity Indices are used 
to evaluate the changes of an AE event of structural significance over time [25]. The 
indices are calculated using the following formulae [69]: 
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where, )(IH  - Historic index; N - number of AE hits up to time t; oiS  - signal 
strength of the ith hit; K - empirically derived constant (different value for different 
materials), rS - Severity index; J - empirically derived constant (different value for 
different materials); omS  - signal strength of the mth hit where the order of m is based 
on the magnitude of the signal strength. The empirical constants K and J are related 
to the number of AE hits N over the time t. The values for concrete and metals are 
given in Table 2.4.  
Table 2.4 
Empirical values of K and J [25] 
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These indices are calculated from the signal strength collected from individual 
sensors. The severity and highest value of the historic index is plotted on an intensity 
chart, which can be classified into a few zones of damage. The assessment by this 
technique is influenced by number of data points and empirical constants, thereby 
these factors can be considered as limitations of the technique [25, 69].  
Another intensity chart was proposed by Ledeczi et al [72], where the number 
of events is used to measure activity, and average amplitude of the events are for 
measurement of intensity. The developed index formation activity and intensity are 
shown in Figure 2.15 where the vertical axis represents intensity and the horizontal 
axis represents activity of AE.   
 
Figure 2.15. AE classification based on activity and intensity [72] 
The activity can be considered as critically active if the events are found at 
peak load consistently; active if events are random over the load spectrum and 
inactive if no significant events are found. On the other hand, if the average 
Material Type Empirical value of K Empirical value of J
N  < 50; J = 0
N  ≥  50; J  = 50
N  < 10; J  = 0
N  ≥  10; J  = 10
Concrete
N  ≤  50; K  = 0
51 ≤  N  ≤  200; K  = N  - 30
201 ≤  N  ≤  500; K  = 0.85 N
N ≥  501; K  = N  -75
Metal
N  ≤  15; K  = 0
16 ≤ N  ≤ 75; K  = N  - 15
76 ≤ N  ≤ 1000; K  = 0.8 N
N  ≥ 1001; K  = N  - 200
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amplitude is less than 50 dB, then it is in the low intense region; intense and critical 
intense are for 50-75 dB and more than 75 dB respectively.    
2.6.2  b-value and Improve b-value analysis 
 As the amplitude is related to the magnitude of the fracture, thus slope of the 
amplitude distribution (known as b-value) can be an effective index to determine the 
state of the fracture. A larger b-value indicates dominating microscopic fractures, 
while a smaller b-value shows frequent occurrence of macro-fractures in the 
materials. Since its original application was in seismology, a problem (non-linearity 
of frequency versus amplitude of AE events) arises when applying it to AE signals in 
engineering materials. One application was reported, where the b-value analysis was 
conducted in a reinforced concrete beam to assess damage [73]. Shiotani et al [74], 
proposed a suitable alternative, named improved b-value (Ib-value) for concrete and 
rock usage, where statistical values of amplitude distribution (mean and standard 
deviation) were used [74]. The Ib-value can be expressed as: 
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and,  2211 ;                                                                    (2.5) 
where,   - mean amplitude;  - standard deviation of amplitude distribution; 
1 and 2  - constants. Ib - value calculation includes selection of amplitude limits of 
the linear range of cumulative frequency distribution of AE data. Generally, a certain 
number of events (50-100) are used for Ib - value calculation [31, 75]. For metals, 
this techniques still shows a problem as the constants have not been developed for 
metals.  
2.6.3 AE count rate analysis 
 Behnia et al [58], attempted quantitative evaluation of fracture development in 
concrete beams by AE count rate analysis. AE activity depends on the loading type 
and its configuration. AE activities are dominated by micro-cracking until formation 
of any visible cracks occur, which can be referred to as macro-cracks. As the macro-
crack starts to propagate into the material, more AE activities are observed. With the 
increase of severity of damage in the materials, the growth of AE activities become 
pronounced. 
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Gong et al [76], proposed acoustic emission count rate analysis with a stress 
intensity factor. From their work, the acoustic emission count rate ( N  ) can be 
expressed as below:  
nKAN )(                                                                                                 (2.6) 
where, K - stress intensity factor; A and n - experimental constants. The 
equation is similar to the well-known Paris Law of fatigue crack propagation as 
given below: 
mKC
d
da
)(

                                                                                             (2.7) 
where, 
d
da
- crack growth rate; C and m - experimental constants. Figure 2.16 
shows a typical crack safety index where relationships can be seen among the 
acoustic count rate, crack growth rate, stress intensity factor.  
 
Figure 2.16. Crack safety index for steel bridge [76] 
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Table 2.5 
Crack Safety Index table for Steel Bridge [76] 
 
Table 2.5 presents the range of stress intensity factor from 0 to more than 50 
and the respective five different levels of crack. 
2.6.4 AE signal strength analysis 
As AE signal strength is independent of gain over the AE signal dynamic range 
and is a function of amplitude and duration of the signal, thus it provides more 
reliable information regarding damage assessment. In addition, the total number of 
hits may be influenced by loading configuration, thus cumulative signal strength 
(CSS) offers a feasible feature for damage evaluation. CSS is found to increase with 
the formation of micro-cracks during initial loading and the increment persists until 
the fracture. After the visible crack formation (macro-cracks) the increment of the 
CSS is more, which relates to severe damage of the material. Signal strength is also 
found active with more magnitude during the severe damage of the material [58].    
2.6.5 Frequency analysis  
Two frequency parameters, peak frequency and frequency centroid, can be 
used for frequency analysis of damage assessment. The drop of the frequency is 
associated with the change of signal shape as the damage develops in the material. It 
can also be said that the contraction in signal is caused by an increase of damage 
severity, which causes amplitude increase and frequency decrease. The AE signal 
frequency can be shifted because of damage and can be justified by the pendulum 
principle, which is a fundamental concept of physics [77]. The inverse relationship 
between the frequency pendulum (f) and its length (l) is given below: 
glf /2                                                                                                  (2.8) 
The crack size can be increased due to either enlargement of one previous 
crack or coalescence of several previous small cracks or both. AE signals 
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corresponding to those cracks become progressively to lower frequency signals until 
leaving the ultrasonic range and moving to the sonic range, which is identical to the 
seismic roar of seismic phenomenon. In addition, when the materials are subjected to 
flexural loading, the majority of AE signals are generated from the captured 
longitudinal waves (P-wave). When the material approaches final failure and shear 
cracks are propagated, the transverse wave (S-wave) becomes the dominating 
component for recorded AE signals. Thus, frequency parameters reflect different 
failure mechanisms. Li and Shah [78] in their study found that P-waves show a 
higher range of frequency relative to S-waves [10, 58, 78].  
2.6.6 Correlation analysis  
Beside these analysis techniques, correlating AE parameters with damage 
mechanism is commonly used analysis tool to assess the damage severity level. 
Correlation analysis can help understand the failure mechanism in a structure under 
loading [53]. AE parameters that are usually used for this purpose are amplitude, 
energy, rise time, and duration [79]. However, the main challenge of this type of 
analysis is that such correlation highly depends on the specific material property, 
geometry of the materials and loading configuration. In addition, research on damage 
assessment for carbon steel material, which is a very common structural construction 
material, has only been found in limited numbers. By addressing this, the AE 
parameters (rise time, amplitude, energy and, duration), which are closely related to a 
damage event, have been correlated for carbon steel failure mechanism to evaluate 
and assess the damage severity [80].                       
2.7 SUMMARY  
SHM is a popular monitoring tool for maintenance for aged civil 
infrastructures. AE has been used over the last 5 decades for monitoring and tracking 
the faults in structures. Structural AE monitoring addresses two main objectives- 
detection of source emission and obtaining information about the source as fully as 
possible [41]. New attempts have been made to explore the effectiveness of AE. 
From the literature review presented in this section, it can be said that AE has the 
potential to be used as an effective monitoring tool for superstructures and 
substructures of bridge. Yet, efficient analysis of large volumes of data generated 
from the test members is an issue. In this study, local monitoring technique was used 
for damage assessment. Background noise and attenuation affect the effectiveness of 
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AE signal which is related to the damage present in the structures. Still, with the 
presence of noise and considerable attenuation, the source emission of interest needs 
to be identified and analysed successfully. Signal based and parameter based analysis 
both have own advantages and limitations. When memory is an issue for storage 
purpose, classical or conventional parameter based analysis is a better option. This 
approach offers faster and simpler analysis. Few important severity analysis methods 
have been discussed in this chapter. Among them signal strength analysis and 
correlation analysis have been chosen to carry out result analysis of this study, since 
they are closely related to damage occurrence.  In the present study, assessment and 
evaluation of the damage will be addressed for steel samples, performed on flexural 
test and tensile test. This study adopted both of signal based and parameter based AE 
analysis technique to assess the damage severity level.                    
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Chapter 3: Experimental Set-up 
This chapter describes the details of the experiments adopted by this research to 
achieve the aim and objectives stated in section 1.3 of Chapter 1. Section 3.1 
illustrates the overview of the experiments conducted. Section 3.2 represents the 
details of how acoustic emission instruments work while section 3.3 narrates the test 
set-up for the experimentation using an acoustic emission instrument. General 
discussions on acoustic emission (AE) parameters used for AE data analysis can be 
found in section 3.4, followed by section 3.5 which describes the test sample and the 
preparation required to perform the flexural test along with the loading configuration. 
Section 3.6 shows the experimental set-up and details of the flexural test. The sample, 
which is a very significant and critical part of the tensile test, has been described in 
section 3.7 followed by section 3.8 which gives details about instrument set-up for the 
tensile test and its procedure. Finally, section 3.9 mentions the critical points that are 
considered to carry out the experiments more accurately.  
3.1 OVERVIEW 
Damage of any material can be measured using both flexural and tensile tests 
through use of the acoustic emission (AE) technique, which can correlate the material 
failure mechanism with the crack propagation. 
In a flexural test, the specimen is laid horizontally over two points of contact 
(lower support span) and a force is applied to the top of it through either one (in the 
case of the three point bending test) or two (four points bending test) points of contact 
(upper loading span) until severe damage or failure of the specimen occurs. In a three 
point bending test, the loading sample bends into a “V” shape. In a tensile test, axial 
loads are applied to the test sample from the two ends, to pull the material apart until it 
ruptures. Both of the tests can determine the material property, especially its strength 
under a loading condition [81, 82].  
Mild steel is commonly used materials to build bridge structures [63]. The 
properties of this steel, such as malleability, ductility and tensile strength, are the main 
reasons for choosing it as an appropriate material for a long term and sustainable 
infrastructure. Further, it can be obtained within an acceptable price range. 
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This research is therefore designed to measure the AE parameters of mild steel 
using basic mechanical tests such as flexural and tensile tests. Although this study was 
carried out in an experimental environment, two real-time conditions (carbon content 
and acoustic emission signal threshold) were considered to perform the tests. AE data 
of mild steel will be generated by utilising two test set-ups. The first test set-up was a 
flexural test carried out on low carbon steel samples, whereas the second test set-up 
was a tensile test on galvanised steel. Ultimately, the generated data will help to 
analyse and evaluate the degree or severity of the damage of the test samples.  
3.2 AE INSTRUMENTATION 
AE technology has an important role to detect, amplify, filter and analyse the 
signals in a non-destructive manner.  In AE technology, the important issues are 
detection, amplification, filtering and analysis of signals [34]. A typical AE 
measurement system consists of sensors, preamplifiers and an AE acquisition and 
analysis system. Figure 3.1 shows a schematic diagram of an AE measurement chain 
from couplant to the personal computer (PC). 
 
Figure 3.1. AE measurement Chain [34] 
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3.2.1 Couplant 
When a sensor is placed on the surface of the material containing an acoustic 
wave, the sensor produces very weak signals. Thereby, different types of couplant are 
used to provide an interface of the signals. A couplant is a material that acts as a 
transmission medium of an acoustic emission wave. Figure 3.2 shows a thin layer of 
fluid, between the sensor and the surface, which acts as a couplant. It ensures good 
contact between these two surfaces at a microscopic level to achieve a much larger 
signal. On a microscopic scale, the surfaces of sensor and material are relatively 
rough. When they are in a contact, they actually touch in a few points. Thus, the area 
used for transmitting the force is very small. If the microscopic gaps are filled with 
high viscous fluid or solid, then the pressure/force will be uniformly transferred to the 
surfaces. Special care must be taken in selecting a couplant to match with the type of 
application. Sometimes, the attachment mechanism of the sensors acts both as a 
couplant and an attachment. [15, 41, 49].  
 
Figure 3.2. Use of couplant between contacting materials [49] 
In this study, solid lubricant was used as a couplant for uniform transmission of 
the acoustic wave. It has the ability to provide a good acoustic path from the test 
sample to the sensor as well as acting as glue between the contact surfaces. For tensile 
test, spring clamp was used as attachment mechanism of sensors.   
3.2.2 Sensor 
The piezoelectric sensor is the most appropriate sensor among all categories of 
sensors used in AE testing, due to its robustness and sensitivity. It converts mechanical 
energy carried out by elastic waves into electrical signals and vice versa. Most of the 
AE sensors are of the contact type and possess a piezoelectric element in a protective 
housing as shown in Figure 3.3 (a). In AE sensors, Lead Zirconate Titanate (PZT) is 
the prominent element to afford an accurate piezoelectric effect. A typical PZT AE 
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sensor can convert 1 pm (10
-12 
m) elastic movement to 1 µvolt electric signals. 
Moreover, it is cost effective and easy to handle. For recording AE signals, a wear 
plate is mounted on the surface of the sample. A PZT sensor was selected for this 
study and mounted on the surface of the sample, for acquiring AE signals. 
 
(a) 
 
(b) 
Figure 3.3. (a) AE sensor with Piezoelectric element and (b) R15 α sensor [15, 51] 
Two resonant sensors (R15α) shown in Figure 3.3 (b) were used in this study, 
which can offer better signal-to-noise ratio. These sensors provide high sensitivity, 
cover a medium temperature range and are available in low cost. The specification of 
the R15α sensor is given in Table 3.1. 
Table 3.1 
Specification of R15α Sensor [15] 
Operating Frequency Range 50-400 KHZ 
Resonant Frequency 150 KHZ 
Temperature Range -65 to 175
0
C 
Physical Dimensions 19×22.4 mm 
Weight 34 gm 
Case Material Stainless Steel 
 
Factors such as operating frequency range, sensitivity, environmental and 
physical characteristics should be considered in selecting the sensor [41]. A Physical 
Acoustics Corporation (PAC) resonance R15α sensor has been chosen as it is the best 
fitted AE sensor for the present study. 
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3.2.3 Pre-amplifiers 
Generally, the output voltage of AE sensors is very small (in millivolt or less). 
Therefore, a preamplifier is required to enhance the output signal into a usable electric 
signal before it feeds into the amplifier. This provides the required filtering gain 
(usually 40 dB). A 2/4/6 pre-amplifier (Figure 3.4) is suitable for most available AE 
systems. It operates with either a single-ended sensor or differential sensor. The plug-
in filters of a pre-amplifier offer the flexibility to optimise the sensitivity of a sensor 
and reject the noise. Generally, a lower frequency limit is governed by background 
noise while an upper frequency limit is governed by wave attenuation that restricts the 
useful signal detection range [16, 41]. The specifications of this preamplifier are given 
in Table 3.2.                                                                  
 
Figure 3.4. 2/4/6 Preamplifier [15] 
Table 3.2 
Specification of 2/4/6 Preamplifiers [15] 
Gain Selectable 20/40/60 dB± 0.5% dB 
Physical Dimensions 13.97cm×6.03cm×3.49cm 
Weight 205 gm 
Temperature Range -40
0
C to 65
0
 C 
Low Noise <2 microvolt 
 
The gain (G) is the ratio of the output voltage to the input voltage and is 
expressed in decibels, dB [49]. Equation 3.1 represents the relationship of the output 
voltage (V(o)) with the input voltage (V(i)) and gain of the pre-amplifier (G). Equation 
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3.2 presents the conversion equation from the gain, obtained from Equation 3.1 into 
decibels (dB).  
Output Voltage, V(o) = Input Voltage, V(i)× G                                              (3.1) 
dB = 20 log10 G                                                                                                (3.2) 
3.2.4 AE Acquisition System 
After sensing and pre-amplifying, the signals are transmitted to the main 
acquisition system for detection and signal processing. Usually, AE monitoring is 
performed in the presence of background noise. To handle this acquisition, the 
threshold is set above the background noise level. The threshold refers to the minimum 
amplitude of the AE that will trigger the recording for further analysis. The threshold 
is the main variable to control channel sensitivity [16, 41]. A micro-disp PAC system 
with two channels (Figure 3.5) was used for AE data acquisition for the present study. 
 
Figure 3.5. Two-channel acoustic emission acquisition system 
3.3 AE INSTRUMENT SET-UP 
For the AE instrument set-up, two R15α resonant sensors and two preamplifiers 
were connected to the two-channel micro-disp PAC system (Figure 3.7). For flexural 
test (Figure 3.6 (a) and Figure 3.9), the sensors were placed on the surface of the 
sample, same axis as the support span.  Distance between the sensor and notch tip was 
105 mm. For tensile test, sensors were placed on the surface of initial part of sample’s 
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gage section as can be seen in Figure 3.6 (b) and Figure 3.11. The preamplifiers were 
set close to the sensors. Each pre-amplifier had a gain setting of 40 dB and bandpass 
filter frequency from 20 KHz to 200 KHz. The low frequency cut-off of 20 KHz was 
set to exclude extraneous, machinery noise and, other environmentally produced 
background noise in the test area. A recording threshold value of 40 dB was set for the 
flexural tests and 45 dB for the tensile tests. AEWin Version E2.2 software was used 
in the AE acquisition system. A sampling rate of 1 MHz was used for data recording 
and the duration of the recorded waveform was 1022 microseconds. 
 
Figure 3.6. Sensors arrangement during (a) flexural test and (b) tensile test 
According to ASTM, AE chain hardware and the data acquisition was calibrated 
by generating an artificial AE source (known as Hsu-Nielsen source) before each test. 
This calibration procedure is also known as pencil lead break (PLB) test. In this 
Sensor
Test sample Sample holder
Test sample
Sensor
Sensor 
attachment 
mechanism
(a) Flexural test  
(b
) Ten
sile test  
 Chapter 3: Experimental Set-up 48 
procedure, a pencil lead was broken on the surface of the samples to generate crack 
like signals. PLB is very important in practical application for checking the frequency 
response and sensitivity of the sensors [41, 61]. 
For linear structures such pipes and truss members, simple time of arrival (TOA) 
technique can be used for two sensors to locate the source of the event. Arrival time 
can be referred to the instant when a signal crosses a predetermined threshold value or 
in other word when the first hit occurs at sensor. If two sensors are placed at a known 
distance (D) and time of arrivals (TOA) for both sensors are known, then distance 
between the first hit and the first sensor (d) can be calculated by following equation: 
)(
2
1
tVDd           21 TTt                                                               3.1 
 where, 1T  and 2T represent TOA of sensors 1 and sensor 2 respectively and V is 
constant wave velocity [35, 67] 
 
Figure 3.7. Flow diagram of AE set-up 
The test set-up flow diagram is shown in Figure 3.7. Firstly, AE signal was 
detected by sensors located on the surface of the test material. Then the AE signal was 
amplified and filtered through pre-amplifiers. Finally, the filtered signal was fed to the 
AE data acquisition system, which provides the outcome of the experiment. 
Test Sample 
(Elastic Wave)
Two channel 
AE acquisition 
system 
sensor 
Pre-amplifier 
sensor 
Pre-amplifier 
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3.4 AE PARAMETERS USED FOR TEST RESULT ANALYSIS  
The important parameters used for this study are described briefly in this section. 
According to ASTM E1316-05 [16] and Grosse et al [51], definitions of acoustic 
emission parameters can be expressed as below in Figure 3.8. 
 
Figure 3.8. Acoustic emission parameters [64] 
3.4.1 Parameter 1: Acoustic Emission Energy 
The total elastic transient energy released by an emission event can be defined as 
AE energy. An AE event is a local material change that increases acoustic emission. 
AE energy is also defined as the measured area under the rectified signal envelope, 
shown in Figure 3.8. It is sensitive to amplitude and duration of the signal as well as 
being less dependent on operating frequencies and signal threshold; therefore, AE 
energy is used more frequently to interpret the magnitude of source event over counts. 
It is expressed in micro volt-second (µV-sec). 
3.4.2 Parameter 2: Rise Time 
Rise time (Figure 3.8) is the time interval between the triggering time of the AE 
signal and the peak amplitude of that AE signal. As the rise time is closely related to 
source-time function, thereby, it is a good parameter to classify the type of fracture or 
noise signal rejection. 
3.4.3 Parameter 3: Amplitude 
AE signal amplitude (Figure 3.8) is the peak voltage of the signal waveform 
from an emission event. The unit of amplitude is decibel (dB) where 1µV at the sensor 
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is defined as 0 dB. Amplitude is an important parameter for finding the system’s 
detectability, as it is closely related to the magnitude of the source event. 
3.4.4 Parameter 4: Signal Strength 
Signal strength is the integral measured area of the rectified AE voltage signal 
over the duration of the AE waveform. It is sometimes referred to as relative energy 
(the amount of energy released by the material). It does not depend on gain over the 
whole AE signal dynamic range and is a more reliable parameter for damage 
evaluation quantitatively as it is a function of both amplitude and duration of the AE 
signal. Sometimes, the number of hits may be affected by loading configuration. 
Therefore, cumulative signal strength (CSS) can be considered as a more reliable 
parameter for damage assessment of a material [58].  
3.4.5 Parameter 5: Duration 
Duration (Figure 3.8) is the time interval between the signal first triggered and 
the signal decreases below the threshold value.  
The AE parameters mentioned in this section are highly related to a source event 
and provide information about the damage level. Although these parameters have been 
used in several previous studies for damage analysis, they were used in the present 
study to correlate them for damage assessment of the steel samples under flexural and 
tensile loading.  
3.5 FLEXURAL TEST SAMPLE 
It was found from the literature [83] that low carbon steel (0.2% Carbon) is used 
for bridge construction as it provides increased flexibility and reduced brittleness in 
low temperatures, compared to higher carbon steel. In the experimental work, low 
carbon steel (LCS) bars (0.15% of carbon) were used as specimens for the 
investigation. The dimensions of the samples were 300 mm long with 20×5 mm
2
 
rectangular cross section as shown in Figure 3.9 (a) with sensors arrangement and 
source location. A schematic diagram of the specimen is given in Appendix A. A V-
notch (small 90º cut notch in the middle) was introduced to initiate the crack at the 
mid span and on the tension face of the sample. The V-notch ensured stress 
concentration at a single point in order to obtain clear acoustic emission signal. On 
exploring previous studies [14, 84], thin samples (5 mm) were selected to manifest 
damage of the samples close to failure point under three point loading. The sample bar 
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was simply supported at the ends of the length and a concentrated load was applied at 
the centre of the sample. Two aluminium brackets were used inside the sample holder 
on either side to hold the sample in vertical direction during loading (Figure 3.6).  
 
(a) 
 
(b) 
Figure 3.9. (a) Flexural test sample with sensors arrangement and source location (S indicated the 
position of sensors) and (b) Gridlines on the test samples. 
For measuring the crack length, 2 mm square gridlines were drawn manually on 
one side of the specimen as shown in Figure 3.9 (b). The crack length measurement 
was done approximately counting the gridlines. White colour was used on the metal to 
construct the gridlines for clear visualisation.   
3.6 FLEXURAL TEST SET-UP 
For the flexural test, an INSTRON machine (model 5569A) was used with 50 
KN load-cell and, two support spans were used for supporting the sample and one 
concentrated load was applied at the centre of the length of the sample. The loading 
axis was in the same axis of the V-notch tip. The load-cell was bolted inside the 
movable cross-head of the INSTRON machine and loading span or concentrated load 
was attached to the load-cell as shown in Figure 3.10 (a). The maximum distance 
between two support spans was 300 mm. The sensors were positioned at the same axis 
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as supports and distance between two sensors was 210 mm (Figure 3.9 (a)). BlueHill3 
software was used to acquire the results of the flexural test. 
 
                           (a) 
 
(b) 
 
(c) 
Figure 3.10. (a) Flexural test set-up on INSTRON machine, (b) Flexural test samples after the test and 
(c) Enlarge view of damaged sample 
For the individual test, loading rate was kept constant throughout the test period. 
Two types of loading rate (2 mm/min, and 3 mm/min) were used to carry out the 
experiment. The test was stopped manually when the observed load dropped to 1700 
N. At the end of the test, the sample was seriously damaged but was not broken 
completely (Figure 3.10 (b) and (c)).     
 Chapter 3: Experimental Set-up 53 
During the whole period of the experiment, all the important snapshots of the 
test sample were captured, which included different steps of deformation process. 
Among them, some photographs were selected for the result analysis (Figure 4.3 and 
Figure 4.4 in Section 4.2.2).  
3.7 TENSILE TEST SAMPLE  
To perform the tensile test, low carbon steel was intended for use, but due to 
lack of availability of this material, galvanised steel (mild steel with galvanised 
coating) was used for this test. The thickness of the sample is an important parameter 
for tensile testing, hence, the sample thickness for this study was kept to 1.20 mm to 
accelerate the cracks and fracture rate. A typical tensile test sample with sensors 
arrangement and source location is shown in Figure 3.11. The rectangular sample had 
enlarged ends or shoulders for gripping. The width of shoulder was 20 mm while the 
initial total length was 200 mm. Deformation and rupture usually occurred at the gage 
section; therefore, it is the most significant part of the tensile test sample. Gage section 
had a reduced cross-section relative to the remaining part of the specimen. Gage length 
is the length over which measurements are made and is centred within the reduced 
section. For this study, gage length was 12.50 mm with a rectangular cross-section. 
Special care was taken to ensure that there was sufficient load to hold the sample with 
no slip along with minimum bending.  
 
Figure 3.11. Typical tensile test sample with sensors arrangement and source location (S indicated the 
position of sensors)  
3.8 TENSILE TEST SET-UP 
Tensile test was performed on an INSTRON testing machine (model 5569A) 
with 50 KN load-cell on galvanised steel samples. As can be seen in Figure 3.12 (a), 
the load-cell was bolted inside the movable cross-head of the machine and the upper 
gripper was attached to the load-cell. The lower gripper was stationary during loading. 
The two grippers held the samples vertically with the upper gripper moving upward 
when a load was applied. For this test, two different types of loading rate were used: 
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15 mm/min and 10 mm/min. The loading rate was kept constant during the test and 
maintained constant until failure of the sample. The test was stopped automatically 
when the samples had a fracture. The loading axis was coaxial with the centre line of 
the sample. The maximum distance between two grippers was 1000 mm. The distance 
between two grippers during the test was 20~30 mm. The software used for this test 
was BlueHill3. 
 
                              (a) 
 
                           (b) 
Figure 3.12. (a) INSTRON machine tensile test set-up and (b) Tensile test samples after the test  
Similar to flexural test, snapshots were taken during necking and fracture of the 
test sample for the analysis of results. Figure 3.12 (b) represents final condition of the 
test samples. In case of tensile test, the specimens were ruptured completely.  
3.9 SUMMARY 
Adequate safety procedures have been taken during the test to avoid any kind of 
hazard in the laboratory. The following observations were made while executing the 
test: 
 Carbon composition in the sample is a critical part in the test. Therefore, test 
on a wide range of carbon composition could draw a remarkable conclusion regarding 
the correlation between crack propagation and material failure mechanism. 
 Support span, loading speed or loading rate and maximum deflection are 
important parameters for flexural tests, which are significantly influenced by test 
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specimen thickness. Sample thickness is also an important parameter for tensile 
testing. This is the reason sample thickness was varied by exploring previous studies 
to compare the results.  
 Gridlines on the samples were marked manually so that the crack length can be 
measured approximately. 
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Chapter 4: Result and Discussion 
Chapter 4 describes the results from the flexural and tensile tests and 
subsequent analyses to achieve the objectives mentioned in Chapter 1, namely 
damage evaluation of carbon steel samples under flexural and tensile load by 
parameter analysis as well as waveform analysis and assessment of the damage 
severity of steel samples based on the AE data analysis. 
This chapter starts with an overview (Section 4.1), Section 4.2 and section 4.3 
provides information of the loading rate and correlation of the loading configuration 
with crack propagation under flexural and tensile load respectively. Results and 
subsequent discussion from the flexural and tensile tests have been detailed in 
section 4.4. A comparison with previous work has been discussed in section 4.5 
followed by section 4.6, where the conclusion of the chapter has been drawn. 
4.1 OVERVIEW 
In structural health condition monitoring using acoustic emission (AE) 
technology, a huge amount of AE data is a challenge to handle and analyse. As a 
consequence, assessing damage from this large data set is an impractical approach. 
Parameter analysis is one of many techniques to assess the damage, which could be a 
better approach for damage assessment. In this study, AE parameters such as 
amplitude, rise time, energy, signal strength and, duration have been analysed with 
relation to load and time. Simple waveform-based analysis was also conducted. The 
failure mechanism of the samples have been determined and used them to justify the 
damage evaluation found from AE data analysis. Successful analysis and evaluation 
of damage could lead to earlier reinforcing the structures, repairing early detected 
damage and lengthening any structure’s life span.  
Steel structures are very common and well accepted in civil infrastructures as 
well as aerospace, mechanical and other applications. One of the most important civil 
infrastructures is the steel bridge, which is primarily constructed of mild steel or low 
carbon steel. Therefore, conducting research studies on this topic is in demand. In the 
present study, low carbon steel and galvanised steel samples were used to assess the 
severity of the damage as well as evaluate the damage. Two mechanical tests 
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(Tensile and flexural tests) were carried out to damage the samples. The damage 
condition on the samples was crack. Photographs were also taken during the tests, 
which were used to confirm the type of damage more precisely. The acquired 
acoustic emission data was analysed using the AE parameters (amplitude, energy, 
rise time, signal strength and duration), which are important and highly source 
related, to assess and evaluate the damage. The assessment from AE analysis was 
then verified with correlation of the results from previously decided failure 
mechanism. The findings from this study could lead to better understanding of the 
damage severity and failure mechanism of the structures.   
4.2 LOADING RATE: FLEXURAL TEST 
A lower loading rate of 2 mm/min was applied on two samples (LCS-1 & LCS-
2) and a higher loading rate (3 mm/min) on the other two samples (LCS-3 & LCS-4) 
to observe the failure mechanism of the test sample and its relationship to the loading 
rate on low carbon (0.15 %) steel samples. The effect of load on the samples over 
time for the four samples is shown in Figure 4.1. The figure shows that the test 
period varied depending on the loading rate. For a particular loading rate, the load 
versus time curve was linear up to the proportional limit (~5100 N) within 100 sec of 
the experiment and continued to increase until the sample reached the 
ultimate/maximum load (~6500 N) in a slow manner. Then the load started to drop 
gradually till the end of the experiment.  
 
Figure 4.1. Load versus Time graph for 2 mm/min (LCS-1 & LCS-2) and 3 mm/min loading rate 
(LCS-3 & LCS-4) 
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In the case of lower loading rate (2 mm/min), both samples (LCS-1 and LCS-2) 
arrived at the same time in the proportional limit, yield point and ultimate load 
(Figure 4.2) which were at 80 sec, 120 sec and 250 sec respectively. Likewise, for 3 
mm/min loading rate, two samples (LCS-3 and LCS-4) showed the same 
proportional limit, yield point and ultimate load (Figure 4.2) starting at 50 sec, 90 sec 
and 150 sec, respectively, which were earlier than the lower loading rate. But there 
was a slight variation in crack opening time between these samples even though they 
had same experiment conditions and same carbon composition. A comprehensive 
study need to be done to find out the possible reason behind the variation of crack 
opening time. Experiment with LCS-1 and LCS-2 ended around 785 sec and 725 sec, 
respectively, whereas experiments with LCS-3 and LCS-4 ended at 500 sec and 600 
sec, respectively with a load of less than 2000 N. Because the test was stopped 
manually observing the load below 2000 N, the test time might vary for the identical 
samples subjected to same loading rate.  
There were four crack opening steps found for the 2 mm/min loading rate, 
whereas for the 3 mm/min loading rate they were three. The crack opening steps 
were important in this study as they indicated the level of damage of the steel 
samples. The increment of the crack opening steps was related to the increase 
damage severity. Table 4.1 summarises important features of cracks (opening time, 
percentage of load drop and approximate crack length) of the experimented sample 
which will be correlated with AE parameters later for result analysis. The details of 
the individual crack of each sample are also listed in Table 4.1.  
Table 4.1 
Features of Crack with Loading Rate Variation  
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It is easier to understand the crack initiations throughout the test with the help 
of Figure 4.2, Figure 4.3 and Figure 4.4, along with Table 4.1. The first visible crack 
was observed around 270-280 sec into the experiment for 2 mm/ min and about 190 
sec for 3 mm/ min loading rate. This crack showed a negligible (0%) load drop with 
the small crack length. It can be noted that the per cent of load drop was calculated at 
respective crack opening time. For instance, in case of LCS-1, per cent of load drop 
was zero (0) at 270 sec, while 11.83% was calculated at 360 sec. In each test sample, 
the second crack opening exhibited the highest percentage of load drop; which is 
highlighted as bold blue colour in Table 4.1. The highest load drop indicates that the 
second crack opening releases more energy, hence, generates significant AE source 
in the samples [85]. This sharp and quick load drop is significant for this study as the 
crack appeared at each load drop. Budano et al [61, 86] found similar quick load drop 
for steel samples and they named this load drop as “pop-in”, which was generated by 
brittle crack initiation. With the advancement of time, load dropped along with the 
increment of crack length. It can be also observed from Table 4.1 that samples tested 
with lower loading rate (2 mm/min) had a higher load drop value (more than 5%), 
while samples with higher loading rate (3 mm/min) showed a lower load drop value 
(less than 5 %).  
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4.2.1 Loading Rate versus Crack Opening Time 
Since the AE measurement and the flexural test were conducted 
simultaneously, the crack opening time was obtained from observing the cracks 
relevant to load drops from load-time graph. Figure 4.2 illustrates an expanded view 
of the load versus time graph, where crack opening steps of two samples (LCS-1 for 
2 mm/min and LCS-3 for 3 mm/min) are observed. The opening of four cracks were 
found at 270 sec, 363 sec, 549 sec and 581 sec for the lower loading rate and three 
cracks were opened for the higher loading rate at 189 sec, 243sec and 302 sec of the 
test period. The initiation of crack opening was found earlier (at 189 s) in the sample 
of higher loading rate as expected. 
 
Figure 4.2. Enlarged view of LCS-1 and LCS-3 after ultimate load to show crack opening time 
The increased number of steps of crack opening in 2 mm/min loading rate 
could be the result of a slower loading rate, which allowed the sample to open up 
cracks more times. Another significant effect of loading rate variation was its inverse 
relationship with the load drop, which corresponds to the crack opening. Therefore, 
different loading rate had important influence on crack opening. As V-notch was 
introduced to initiate the crack, therefore, the first crack opening was visible 
relatively earlier, after reaching the maximum load of the materials. This means that 
the post ultimate load zone is critical for analysing crack or failure of the materials.  
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4.2.2 Loading Rate versus Crack Length: 
The samples were demonstrated to have maximum tension at the tip of the 
notch due to loading configuration (three point bending test). Consequently, major 
cracking was found around the middle bottom of the samples (tip of the notch) as 
was expected. To measure the approximate crack length, 2 mm square gridlines were 
drawn on the test sample. Figure 4.3 and Figure 4.4 show the successive crack 
opening steps of a test sample for a loading rate of 2 mm/min and 3 mm/min 
respectively. For both samples (LCS-1 and LCS-3), the first visible crack opening 
was observed at the tip of notch after the ultimate load and the length of this crack 
was about 2 mm (Figure 4.3 a and Figure 4.4 a). This crack length extended up to 9 
mm at the final crack (Figure 4.3 e and Figure 4.4 d). The path of crack growth 
through the steel can be seen in Figure 4.3 (a-e) and Figure 4.4 (a-d). An audible 
sound was heard at each crack opening, except the first visible crack and final crack 
(Figure 4.3 e and Figure 4.4 d). Similar audible sound was heard in [61, 84] which 
was correspond to brittle crack of the steel samples. Though the second crack 
opening length was less than others, still it had a higher value of load drop, which 
means it released more energy to open up the first crack. As a consequence, 
respective AE events had comparatively higher values as expected, disregarding few 
values. 
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Figure 4.3. Gradual crack opening steps for LCS-1 (2 mm/min) a. First visible crack (270 sec)   b. 
Second crack open (363 sec)   c. Third crack open (549 sec)    d. Fourth crack open (581 sec)   e. End 
of the test (773 sec) 
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Figure 4.4. Gradual crack opening steps for LCS-3 (3 mm/min) a. First visible crack (189 sec)   b. 
Second crack open (243 sec)   c. Third crack open (302sec)    d. End of the test (503 sec)  
At the time of second, third and fourth cracks (in case of 2 mm/min loading 
rate), the load dropped very sharply and suddenly with distinct noise. According to 
Budano et al [61] explanation, these cracks can be considered as brittle cracks, while 
other crack propagation can be characterized as ductile cracks due to stable 
propagation. On the other hand, based on fracture (crack) mechanism and definition 
given by Aggelis et al [57] and Behnia et al [58], the second, third and fourth cracks 
can be considered as shear cracks. The details of failure mechanism in terms of 
ductile and brittle crack as well as shear and tensile crack can be found in section 2.4 
(Relation of AE and failure mechanism). In addition, the failure mechanism was 
confirmed by visual observation as well as the photographs taken during the test. 
Similar confirmation has been done by Behnia et al [58], Budano et al [61] and 
Aggelis et al [57] in their experiments. 
At the end of this section, it can be concluded that, the crack behaviour of the 
samples is mainly ductile with few brittle fractures as expected given low carbon 
content of the steel samples. The mainly oblique direction of the crack propagation is 
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in agreement with the ductile dynamic of the crack propagation as well as shear 
crack mode (Mode II). In the present study, first visible crack was considered as 
minor damage and second, third and fourth cracks were considered as major damage. 
4.3 LOADING RATE: TENSILE TEST 
Load applied during the tensile test is plotted against time for galvanised steel 
(GS) samples in Figure 4.5. Two types of loading rate were carried out during the 
tensile test; one was 15 mm/min (For sample GS-1, GS-2) and the other was 10 
mm/min (For samples GS-3, GS-4).  
 
Figure 4.5. Load-Time graph for galvanised steel for 10 mm/min and 15 mm/min loading rate 
The duration of the test for the faster loading rate evidently was shorter than 
that for the slower loading rate. The samples failed completely around 104 sec and 
156 sec for 15 mm/min and 10 mm/min respectively. For both loading rates, the load 
rapidly increased up to the upper yield point, which was sharp and more clearly can 
be observed in Figure 4.6. In addition, the upper yield point was found within 5 sec 
of the test, which means the load-extension proportional limit lasted for a very short 
period of time. These could be the results of using faster loading rate for these 
thinner (1.2 mm) samples. The lower yield point was a little lengthier than the upper 
yield point. The load dropped slightly during this time. The plastic region (according 
to Han et al [63], also known as strain hardening zone) was found to be lengthy, 
which was around 90 sec for 15 mm/min and around 140 sec for 10 mm/min loading 
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rate. The load increased again from the lower yield point until it reached ultimate 
load and then remained almost constant for a while.   
The load increment was minor over the plastic zone. But, during the fractures 
of the samples, load drop was very drastic (from 5 KN to 1 KN) and occurred very 
suddenly. For the slower loading rate (10 mm/min), the fracture time was almost 
identical, which is true for the faster loading rate (15 mm/min) as well. In the case of 
both loading rate, the samples demonstrated same trend over the test period. Yet 
there was a slight variation in fracture load for the samples.  
 
Figure 4.6. Enlarged view of load-time curve 
An enlarged view can be seen in Figure 4.6, where the upper yield point of the 
samples was observed at 2.4 sec and 4 sec for the faster loading rate (GS-1 & GS-2) 
and at 3.6 sec and 4.6 sec for the slower loading rate (GS-3 & GS-4).  
Since the test period was very short, therefore, the crack formation was also 
very quick. During the elastic zone, the test samples were experiencing elasticity and 
there was no visible crack generated at that time. After passing the lower yield point, 
plastic deformation started to occur. The major cracks formed at the end of the 
ultimate load with necking of the samples and caused sudden fracture of the samples 
with sharp drop of load, hence, this crack can be characterized by brittle crack [61]. 
In addition, the final fracture of the sample (Figure 3.12 (b)) shows diagonal fracture, 
which is in agreement with shear crack. The necking and the final fracture was 
confirmed by visual observation during the test [57]. In the present study, for tensile 
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test minor damage was considered for lower, upper yield points and ultimate load 
where load changed and fracture at the end of the test was considered as major 
damage. 
4.4 RESULTS AND DISCUSSION OF FLEXURAL AND TENSILE TEST 
The results obtained from flexural test (three point bending test) and tensile test 
are presented in this section. Since the flexural test and AE measurement were 
conducted simultaneously, load-time graph has been correlated with AE parameters. 
Table 4.2 shows how AE data was selected at each crack initiation. Before 
conducting each test, pencil lead break (PLB) test was done to calibrate AE data 
acquisition by making artificial crack. From the calibration, it was found that at each 
crack occurrence the AE amplitude was higher (from 95 to 99 dB). It was confirmed 
from previous studies [20, 25, 41] that higher AE amplitude is related to crack 
initiation. Therefore, each point of Table 4.3 was obtained by selecting the highest 
AE amplitude and corresponding AE parameters (rise time and signal strength). As 
earlier mentioned that two sensors were used for the test, two AE responses were 
recorded from where only higher AE data was selected.  
Table 4.2 
Selection of AE Data for First Visible Crack for LCS-1 
 
Referring to Equation 3.1 and Table 4.2, source location sample calculation for 
LCS-1 can be found as follow: 
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sT 1574083.2701  ; sT 1574088.2702  ; smV /5188 ; cmD 210  
Distance between the first hit and the first sensor,  )(
2
1
tVDd
104.8703cm, which coincides with the original crack location (105cm).  
Table 4.3 summaries the results of AE parameters with respect to two different 
loading rates. First two columns of Table 4.3 were obtained from Table 4.1 and rest 
three columns were obtained from the AE measurement during the tests (as shown in 
Table 4.2 one example of selection). One AE parameter (rise time) was shorter in the 
first visible crack and longer in the rest of the major crack openings for both of the 
loading rates. AE amplitude remained constant (99 dB) for all samples, disregarding 
a few cracks with a value of 95 dB. Low signal strength (around 100×10
6 
pV-s) was 
observed during the first visible crack opening time and it was higher during other 
major opening time for both loading rates. 
Table 4.3 
Acoustic Emission Parameters for Loading Rate Variation under Flexural Loading 
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Table 4.4 shows the summary of the damage occurred during tensile test with 
respective load, time and acoustic emission parameters for two different loading rates 
(15 mm/min and 10 mm/min). The AE data selection for the Table 4.4 (last two 
columns) and correlation between AE parameters and load-time measurement (first 
four columns) has been done in the similar way as flexural test. One observation was 
made from the table that the level of damage increased with the progression of the 
test period. Here the increment of the extension of the material was considered as 
damage, because during this extension the necking started to form and severe 
damage occurred after reaching ultimate load. AE energy and amplitude were found 
very high (more than 5000 µV-s for energy and 99 dB for amplitude) during the 
fracture of the samples. At upper yield point, slightly higher AE energy was found, 
however it was still a small value compared to fracture AE events.  
Table 4.4 
Acoustic Emission Parameters for Loading Rate Variation under Tensile Loading 
 
Overall, it can be stated that small values of each AE parameter (excluding AE 
amplitude) indicates the existence of minute damage, whereas large values represent 
the severe damage of the test samples. In case of tensile test, AE parameters were 
found higher only correspond to fracture of the samples, which was major damage. 
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At other minor damages the AE parameters varied in a certain range. According to 
the definition of acoustic emission, AE source generates due to release of energy 
from cracks present in the material [49]. This can be confirmed from Table 4.1 and 
Table 4.3. Based on the discussions in section 4.2 & 4.3, the highlighted bold blue 
colour data in Table 4.1, Table 4.3 and Table 4.4 are mainly represent severe damage 
(brittle cracks) of the samples with larger load drop and comparatively higher AE 
events. While other data in the tables are also correspond to the brittle/shear cracks 
and represent successive damage of the samples.  
4.4.1 Signal Strength and Cumulative Signal Strength versus Load: 
Flexural Test 
Signal strength (SS) is sometimes referred to as relative energy as it is an 
amount of energy released by material or structure. AE signal strength is a function 
of amplitude and duration and calculated over the whole AE signal dynamic range 
and does not depend on gain [45]. Thus, it provides quantitatively more reliable 
information regarding damage level assessment. On the other hand, the total number 
of hits may be influenced by loading configuration [58]. Cumulative AE activity can 
help to identify the severity of the cracks [57] and cumulative AE activity vs load can 
provide an estimation of all cumulative failure mechanisms [53]. Therefore, 
cumulative signal strength (CSS) can be considered as a more feasible parameter for 
assessing the damage intensity level. Since the source of AE activity is closely 
connected to failure mode, thereby, classification of cracks can lead to early warning, 
prior to final failure [60]. As a consequence, retrofitting or repairing of the structure 
may save lives and property. A comparative correlation among CSS, SS and load has 
been developed in the Figure 4.7 (a-b). The dotted black line shows a plot of signal 
strength against applied load, while the solid red line represents cumulative signal 
strength over applied load.  
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(a) 2 mm/min loading rate 
 
  (b) 3 mm/min loading rate 
Figure 4.7.Cumulative signal strength & signal strength with load 
For 2 mm/min (Figure 4.7 a), four spikes were found with respect to four 
damages, where an initial visible crack showed the lowest (15×10
6 
pV-s from Table 
4.3) AE signal strength, second and third cracks (where load drop was longer) 
showed the highest SS, and the fourth crack’s SS was moderate, in between lowest 
and highest. CSS increased from starting of the test until the highest load (6500 N), 
where samples had elastic properties and respective SS was not significantly high. 
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Thereby, the increment of CSS was not clearly visible. After experiencing the first 
visible crack around 6000 N, the CSS increment started to grow and it persisted till 
severe damage of the sample occurred. For 3 mm/min (Figure 4.7 b), three spikes 
were observed at three crack opening steps, where the first visible crack had the 
lowest SS (122×10
6 
pV-s Table 4.3). In case of CSS, like 2 mm/min, the initial 
increment was not prominent until the first visible crack. The CSS continued to rise 
to the end of the test and two leaps of CSS were observed corresponding to the two 
major cracks, where load drop was also longer. 
The lower value (< 0.5×10
7 
pV-s) of SS continued to appear from initial 
loading until the appearance of the first visible crack correspond to 6000 N. During 
initial loading, although there was no visible crack on the sample surface, the 
registered AE signal strength indicated that micro cracking had already initiated at 
the tensile side of the sample [58]. Thereby, there was almost no increment in CSS. 
As the load started to drop further after first visible crack, the samples’ behaviour 
was inelastic and the ductile deflection was yielded confirming macro cracks [58]. 
Since second and third cracks were considered as brittle cracks, therefore, highest SS 
relevant to those damages verified that severe damage retains intense AE activity 
[62, 87]. Behnia et al. [58] found a similar result during major damages, although 
their loading configuration was different from this study. They considered the first 
visible crack as a sign of macro crack formation and from then onward, higher SS 
instigating development of damage. In the case of 2 mm/min loading rate, the fourth 
crack had a comparatively lower value of SS, even though the damage was still 
developing in the samples. This could be due to a drop in ductility of the steel 
samples, causing lesser friction between crack surfaces, and thus reducing AE 
activity [58]. After experiencing the first visible crack around 6000 N, the CSS 
increment started to grow and it persisted till severe damage of the sample occurred. 
It was confirmed by visual observation during the tests that higher SS were recorded 
at each crack opening step. Shear crack or brittle crack was characterized by higher 
intensity of AE events [62, 87]. Therefore, the crack opening steps observed during 
this study indicate a shear crack or brittle crack. At the plastic zone where major 
cracks (shear crack/brittle crack) started to occur, even though the load dropped 
dramatically, the CSS was found to rise significantly. Because of severe damage 
during load drop, AE activity increased accordingly, which resulted in leaps of 
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cumulative AE events. The CSS increment persisted until the end of the test because 
of manifesting the major cracks, and showed a couple of leaps corresponding to these 
major cracks during this time period. Shahidan et al. [87] also observed that similar 
leaps of CSS corresponded to shear cracks. 
Signal strength was found to have very sharp increases at the shear fracture for 
both loading rates with few leaps of cumulative signal strength. From this analysis, 
signal strength can be used to discriminate brittle fracture from ductile fracture of the 
steel samples.      
4.4.2 Signal strength versus Time: Flexural Test 
AE signal strength (SS) over the test time and applied load has been shown in 
Figure 4.8 (a) and Figure 4.8 (b) for the sample LCS-1 (2 mm/min) and LCS-3 (3 
mm/min) respectively. The dotted line represents the load versus time, while the 
continuous solid line illustrates the respective SS trend with time. As signal strength 
was negligible (< 1×10
6
 pV-s) before the first 150 sec (for 2 mm/min) and 100 sec 
(for 3 mm/min) of the test, these values were disregarded for both curves in Figure 
4.8. It was reported that the most detectible AE are expected to be observed, either 
when a material undergoes plastic deformation due to loading or a material is loaded 
at, or close to, its yield stress [88]. Thereby, the samples experienced higher SS after 
ultimate load, where they started to have load drops.   
At the first visible crack, AE signal strength was 15×10
6
 pV-s and 122×10
6
 
pV-s (from Table 4.3) for the 2 mm/min (Figure 4.8 (a)) and 3 mm/min (Figure 4.8 
(b)) respectively. At the major cracks (second, third and fourth crack), the signal 
strength was found much higher (more than 350×10
6
 pV-s) than the first visible 
crack. The interval between the first visible crack and second crack opening was 90 
sec (2 mm/min) and 54 sec (3 mm/min). The signal strength was close to zero at this 
time interval. At the end of the test, while the samples were damaged severely, 
approximately 20 pV-s of SS was found in both samples. This value was very small 
compared to the major crack opening zones. 
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(a) LCS-1 at 2 mm/min 
 
 (b) LCS-3 at 3 mm/min 
Figure 4.8. Signal strength distribution over time  
 In the first 150 sec (for 2 mm/min) and 100 sec (for 3 mm/min) of the test, 
signal strength (SS) level was close to zero as expected confirming that the sample 
was not likely to receive any significant damage. The value of SS at first visible 
crack was higher than zero which represented the formation of macro crack of 
sample. Behnia et al. [58] considered this micro crack formation as major damage for 
reinforced concrete, whereas in the present study it was considered as minor damage 
(since the crack just visible on the surface). For 3 mm/min loading rate, the signal 
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strength correspond to first visible crack was comparatively higher than that for 2 
mm/min loading rate. The possible reason could be a higher rate of the loading 
process. Further comprehensive study needs for clarification of this SS variation at 
first visible crack. It has been reported in [61] that  the higher and lower intensity of 
AE events represent brittle cracks and ductile cracks respectively. Therefore, the SS 
found respective to second, third and fourth cracks can be considered as brittle 
cracks, while the SS with lower values at other times of the test can be an indication 
of ductile cracks; this has been confirmed by the visual inspection. In addition, this 
higher SS also can be correlated to the shear cracks, which has been discussed in 
[58]. The interval between the first visible crack and the second crack can be 
considered as good indication of forthcoming severe damage [45], which is very 
clear from the Figure 4.8. At the end of the test, the load was stopped suddenly. The 
small values of AE signal strength at the end of the test may be recorded due to 
sudden disruption of loading.  
From the AE signal strength analysis, it can be said that during post ultimate 
load region (i.e. just after completing maximum load and starting of elongation), 
reasonably higher acoustic emission SS indicated that further damage could occur 
shortly afterwards. Furthermore, from the signal strength analysis, it was observed 
that the sample had mostly ductile cracks with a few brittle cracks, which is in good 
agreement with the discussion in section 4.2. 
4.4.3 AE Energy versus Time: Tensile test 
Since AE energy is highly related to amplitude, signal threshold and duration 
of the signal [51], thus it has potential to evaluate the damage source as well as 
assess the damage severity. AE energy with respect to test time can be seen in Figure 
4.9 and Figure 4.10 for the sample GS-1 (15 mm/min) and GS-3 (10 mm/min) 
respectively, where black line represents load over time and red line represents AE 
energy distribution over time. Both graphs showed that there was no significant AE 
energy present except at the end of the test, where final failure occurred. 
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Figure 4.9. AE energy at (a) Upper yield point and at (b) Break Point for 15 mm/min 
At upper yield point, a weak AE event was recorded where AE energy was 152 
µV-s (from Table 4.4 ). From the Figure 4.9, it can be seen that during upper yield 
point there was a sharp increase of AE energy (Figure 4.9 a), which can be explained 
by the generation of new minor damage [58]. At the end (Figure 4.9 b), when there 
was severe damage (shear crack) present, a tremendous high energy was found at a 
value of 8,922 µV-s (from Table 4.4). There was a very short time interval (1 sec) 
between the failure of the sample and the rapid increase of AE energy.  
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Figure 4.10. AE energy at (a) Upper yield point and at (b) Break point for 10 mm/min 
From Figure 4.10, it can be observed that the sample encountered a few spikes 
of AE energy within 0.5 sec of the starting of the test followed by another group of 
relatively higher values of AE energy (Figure 4.10 a). The former energy spikes 
could not be related to any specific event and was in disagreement with the findings 
in [63]. However, it can be assumed that an internal flaw could be present in the 
sample, so whenever the sample underwent tensile load, an internal damage occurred 
at that point. Later energy spikes were relevant to upper yield point where new crack 
generation happened [58]. Beside these initial energy spikes, throughout the test 
period the energy was very close to zero. Like the faster loading rate, the sample 
experienced sharp and rapid energy spikes as well at the final fracture for the slower 
loading rate (Figure 4.10 b).   
It was clearly observed from both AE energy over time plots that there was no 
significant AE energy was recorded except upper yield point and fracture. This was 
in good agreement with the observation made by Han et al [63]. In addition, there 
was a huge difference between the beginning of AE energy (around 160 µv-s) and 
fracture AE energy (around 9,000 µv-s) magnitude. This indicates that higher AE 
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energy signals are mostly responsible for macro crack opening (in other word shear 
crack). Furthermore, another interesting observation about this parameter was that 
the AE energy came slightly (around 1-2 sec) earlier, which could mean that AE 
energy can be an indicative tool for future severe damage even though the interval 
was very short (1-2 sec). According to Budano et al [61], acoustic emission energy 
accompanied by higher values were related to brittle fracture, which were also 
announced by an audible noise, while lower AE energy represented stable ductile 
crack propagation. Therefore, from energy distribution plot ductile fracture and 
brittle fracture can be discriminated appropriately. 
4.4.4 Rise Time versus Load: Tensile Test 
Since loading rate is an influential component for generating failure 
mechanism, therefore, tensile load was correlated to rise time for evaluating the 
damage severity [89]. The load has been plotted against rise time in Figure 4.11 for 
15 mm/min loading rate (Figure 4.11 a) and for 10 mm/min loading rate (Figure 4.11 
b) respectively. During the tensile test, the load mostly remained higher in the range 
of 4500 N to 5200 N (from Figure 4.5). 
The applied tensile load was increased with the advancement of test time until 
it reached upper yield point. After that it fluctuated between 4.5 KN to 5.2 KN and 
dramatically dropped at the final failure. Although there was no visible crack seen in 
the sample surface, scattered AE signals were registered from beginning of the test 
up to 4.5 KN. On the other hand, a much denser AE signal cluster was observed in 
the next zone from 4.5~5.2 KN with a wider range of rise time (1~10000 µsec). It is 
noteworthy that an AE cluster is a small group of emission sources which occurred 
near the small location on the structure [79]. At the highest loading (5.2 KN), a “line 
like” signal cluster was observed. For both loading rate, the rise time-load plot 
behaviour was similar. The dense AE signal cluster was present during the higher 
loading (4.5 KN to 5.2 KN).   
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(a) 15 mm/min loading rate 
 
(b) 10 mm/min loading rate 
Figure 4.11. Rise Time-Load for (a) 15 mm/min loading rate and (b) 10 mm/min loading rate 
From the discussion in Section 2.4, the initial load was related to the micro-
plastic deformation zone where load increased gradually and no crack was visible on 
the sample surface. Thus, the scattered zone could be referred to this micro-plastic 
deformation zone where rise time of AE signal was in a wider range. The higher load 
range (4.5~5.2 KN) was relevant to yielding (stage two), strain hardening (stage 
three) and necking and fracture (stage four) zone, where minor cracks started to form 
at stage two and three and, major cracks generated at stage four. As a consequence, 
this period was relevant to the denser zone. The “line like” signal cluster with higher 
rise time can be considered as major cracks, because the major cracks occurred 
during the sharp quick load drop from higher load to lower (from Figure 4.5) and 
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higher rise time was directly related to any major cracks [60]. Overall, high activity 
of AE signals indicates existence of several active source cracks while low or zero 
activity is connected to healthy materials, similar findings as [57].  
4.4.5 Amplitude versus Time: Tensile test 
Acoustic emission amplitude is closely related to the source event [51]. 
Thereby, any damage or crack generates significant magnitude of AE signal 
amplitude. AE amplitude has been plotted against the test time in Figure 4.12 (a-b) 
for 15 mm/min and 10 mm/min loading rate respectively.  
 
(a) 15 mm/min loading rate  
 
(b) 10 mm/min loading rate  
Figure 4.12. Amplitude distribution over time for (a) 15 mm/min and (b) 10 mm/min loading rate  
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For faster loading rate (15 mm/min), AE signals were recorded from the 
beginning of the test. The amplitude was highest (99 dB) at the final failure and the 
second highest was 70 dB at lower yield point (from Table 4.4). Most recorded AE 
events were less than 60 dB over the test period (blue line shown in Figure 4.12 (a)). 
Similar AE events were recorded by Han et al [63]. The load versus time plot can be 
compared with the curve obtained from [63], where four stages were considered as 
can be seen in Figure 2.11. It can be seen from Figure 4.12 (a) that the trend of 
amplitude value was in ascending order for first two stages followed by decline in 
stage three (strain hardening zone). At starting of stage four (necking and fracture 
zone), the load approached to the final failure with reduced cross section of sample 
and the amplitude was found lowest (47 dB). In stage two (yielding zone), two 
amplitude peaks (80 dB) were observed at 13 sec and 26 sec respectively. Like the 
faster loading rate, AE signals were captured from the beginning of the test and 
mostly recorded signals were below 60 dB. The highest AE peaks were recorded 
(from Table 4.4) as 99 dB at 156 sec (final fracture). Unlike 15 mm/min loading rate, 
three amplitude peaks of 73 dB were found in stage two (yielding zone) as shown in 
Figure 4.12 (b). Overall trend was similar to the faster loading rate. In stage four, the 
test sample approached to the final failure with a very quick load drop (from 5100 N 
to 1000 N) within 3 sec. 
AE amplitude was recorded in a range of 45-60 dB throughout the test period 
for both plots. The studies [53, 58, 61, 63] found similar amplitude range. AE 
amplitude less than 60 dB (blue line shown in Figure 4.12 (a-b)) was mainly 
considered as noise, meaning not likely related to significant damage in the sample. 
In stage two (yielding zone), couple of AE amplitude peaks (> 70 dB) were recorded, 
which can be related to new micro crack formation of the samples [89]. In stage three 
(strain hardening zone), mainly no higher (< 70 dB) amplitude of AE signals was 
found. The phenomenon can be related to the stable ductile crack propagation [61]. 
At the end of this zone, the lowest amplitude signal can be considered an indicating 
signal of forthcoming severe damage of the sample. The stage four (necking and 
fracture zone) lasted for very short period. AE signals increased in this zone 
dramatically from 60 to 99 dB representing strong AE signal magnitude. These 
higher signals represented the final fracture of the sample [89], which was brittle 
crack [86] as well as shear crack [59]. This failure mechanism can be verified by 
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observation during the test. From the intensity chart was proposed by Ledeczi et al 
[72] suggests that if the average amplitude is less than 50 dB, then it is in the low 
intense region; intense and critical intense are for 50-75 dB and more than 75 dB 
respectively. Based on this, first two stages of this study were intense while last stage 
represents critical intense.  
Amplitude distribution over time under tensile load can assess the damage 
severity level. The minor damage of the sample are represented by moderate 
amplitude (> 70 dB and < 95 dB), while the major crack are characterized by highest 
amplitude of the AE signal.                 
4.4.6 Duration versus Time: Tensile Test 
Duration of AE signal is another important damage indicator parameter. As 
duration is related to AE energy, thus it is highly affected by the source of the event. 
Duration was correlated to various AE parameters (e.g. amplitude, energy, rise time, 
amplitude) for the damage severity assessment so far [60, 90]. In present study, 
duration of the recorded AE signals has plotted against the test period to obtain the 
information about damage severity. The distribution of AE signal duration, which is 
shown in Figure 4.13 & Figure 4.14, is categorised into three sets on the basis of 
density of the AE signals:  
1. Short duration signals, D-T I: 0-1000 µs 
2. Medium duration signals, D-T II: 1000-10000 µs, and  
3. Long duration signals, D-T III: 10000-25000 µs  
The classification of AE signal duration distribution over time was inspired by Bar et 
al [90] where based on the type of failure mechanism the duration distribution was 
divided. 
 Figure 4.13 demonstrates duration distribution over test time for 15 mm/min 
loading rate, where each point on the graph represents the duration of specific AE 
hit. The short duration AE signals were present throughout the test period, whereas 
medium and long duration signals were found at the beginning and end of the test. 
Similar observation was reported by Bar et al [90] in their experiments on glass fibre 
reinforced plastic composites. In the area of D-T I (Figure 4.13 bottom left), short 
duration (<1000 µs) AE events were observed over the time period. A dense signal 
cluster found (duration of 0-1000 µs) at the first 20 sec of the test, where the sample 
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experienced yielding. In the strain hardening zone, duration of the signals was very 
short (around 200 µs) as well as scattered and at fracture time a “line like” cluster 
was present. In the case of D-T II (Figure 4.13 bottom middle), medium duration 
(1000-10000 µs) was seen only in two distinct zones. The value of duration reduced 
into three stages: i.at micro-plastic deformation zone (1000-10000 µs), ii. at yielding 
zone (<2500 µs) and iii. at necking and fracture zone (<1500 µs). Lastly, the D-T III 
(Figure 4.13 bottom right) zone had few AE signals, with longer duration at upper 
yield point and at fracture.   
 
 
Figure 4.13. Duration distribution for 15 mm/min loading rate  
AE duration distribution for 10 mm/min loading rate can be seen from Figure 
4.14. Like the faster loading rate, shorter duration signals were present over the test 
period, medium and longer duration signals were observed at starting and ending of 
the test. D-T I (Figure 4.14 bottom left) zone had a dense AE signal cluster (duration 
0~1000 µs) in the first 40 sec of the test. Then it started to scatter and had a “line 
like” cluster at the final fracture time. Medium duration signals were observed at D-T 
II (Figure 4.14 bottom middle) spreading from micro-plastic deformation zone to 
yielding zone and a small number of signals were present at the necking and fracture 
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zone. Like 15 mm/min loading rate, longer duration AE signals were found mostly at 
upper yield point and a couple of signals at failure.  
 
 
Figure 4.14. Duration distribution for 10 mm/min loading rate  
The damage occurred during the tensile test is due to initiation of micro 
cracking that occurs initially and extends toward macro cracks which cause failure of 
the sample [89]. The tensile test sample first encountered new micro cracks at the 
upper yield point (2.4 - 4.6 sec) and the micro cracks continued to generate until end 
of the yielding zone. At this stage, the observed duration was of all type (short, 
medium and longer). The previously generated cracks propagated during the strain 
hardening zone where mainly no significant AE signals was recorded indicating no 
significant damage in the sample. At the necking and fracture zone where failure 
occurred again, short and medium duration AE signals were observed with a couple 
of longer duration AE signals. At the fracture, the load dropped sharply emitting 
higher activity of AE signals and representing shear fracture. Thereby, the duration 
corresponding to shear crack was expected to be longer [58, 63]. In the present study, 
the obtained duration distribution showed a couple of longer duration signals at the 
final fracture. However, higher number of longer duration AE signals found at 
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yielding zone. As the fracture was occurred very sharply, this might cause little 
number of signals; while at yielding zone the new micro cracks started to form which 
may cause large number of long duration AE signals. This could be explained by 
Aggelis et al [57] that when emission are frequent, they could overlap and contribute 
to more longer duration signals. 
In conclusion, it can be said that at both severe and minor damages, the 
corresponding duration of the AE signals are expected to be longer, along with a few 
medium duration signals. Thereby, longer duration of signals can only indicate the 
type of damage of the sample, but cannot assess the damage severity level 
appropriately.   
4.4.7  Rise Time versus Amplitude: Flexural Test 
Rise time and AE amplitude are the key parameters to assess damage of the 
materials, as they are closely related to the source of acoustic emission originated in 
the materials. Therefore, these two parameters were correlated to evaluate the 
damage of the test samples. Rise time has been plotted against AE amplitude in the 
Figure 4.15 (a-b) for both loading rate where the data set was divided into two 
groups: R-A I: 40-94 dB and R-A II: 95-100 dB to assess the damage related to the 
AE signal. To evaluate this relationship, a threshold of 40 dB was set to minimise the 
noise.  
 
(a) 2mm/min loading rate  
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(b) 3mm/min loading rate 
Figure 4.15. Rise time-Amplitude for (a) 2 mm/min and (b) 3 mm/min loading rate  
Figure 4.15 (a) represents rise time versus amplitude for the sample (LCS-1) 
subjected to 2 mm/min loading rate. In R-A I, a dense AE signal was present at the 
range of 40-50 dB and the rise time range was about 5 – 1,000 µs disregarding a few 
values. After 50 dB, the signals started to scatter and the number of signals was 
decreased along with the increase of amplitude. In R-A II, two small groups of 
signals were found where the rise time stayed between 30-90 µs and 1400-2600 µs. 
Among these signals, few were found at 99 dB, where the major cracks occurred. 
Figure 4.15 (b) shows rise time versus amplitude for 3 mm/min loading rate. The 
denser signal cluster started from 4µs until 1000 µs and from 40 dB to 50 dB. The 
signal cluster became scattered after 50 dB amplitude and gradually reduced the 
scattered area about 75 µs rise time in the plot. During the R-A II range, two highly 
dense smaller signal clusters were found out around 28 µs and 2500 µs at 99 dB 
amplitude of AE signal. Other than these high values, few countable random signals 
were present.  
As the load was continuously applied to notch tip, the first small crack 
appeared at the notch tip and then gradually increased with the applied loading. Due 
to the applied load, the damage first started with the initial micro crack and 
eventually the crack propagated. The classification of rise time versus amplitude plot 
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was inspired by Bar et al [90],where the classification was done based on the type of 
failure mechanism. R-A I refers to the minor cracks where either a new micro crack 
forms or successive cracks propagate. On the other side, R-A II refers to that 
particular zone where major cracks (shear cracks) occurred at amplitude 99 dB and 
95 dB (Table 4.3) [58]. The minor crack possesses weaker acoustic emission and 
thus the amplitude of the signal is reduced [58], whereas the opposite scenario is 
present for the shear cracks. Rise time is found longer in both crack modes for both 
loading rates, however, in shear cracks there are two small clusters found. Since the 
shear crack has longer rise time and higher amplitude [60], therefore, the cluster with 
longer rise time (>1000 µsec) could be the related to the crack opening steps (shear 
cracks), whereas a cluster with shorter rise time (around 100 µsec) could be related 
to first visible cracks from different sensors. As discussed earlier in section 2.4 that 
the shear cracks can be related to brittle crack and it was confirmed during the 
experiment, hence the shear cracks found in the rise time - amplitude plot can also 
said brittle cracks. The AE signals in the middle of the graph where amplitude is 
more or less 90 dB could be attribute to stable ductile crack propagation  
phenomenon [86].                        
4.4.8 Rise Time versus Amplitude: Tensile Test 
Rise time and AE amplitude can be considered as prime AE parameters for 
assessment of damage severity, as they have a close relation to the source of acoustic 
emission generated in the material [51]. Therefore, their correlation can provide more 
specific information about damage of the test samples. Rise time has been plotted 
against AE amplitude in the Figure 4.16 (a-b) for 15 mm/min loading rate and 10 
mm/min loading rate respectively. To evaluate this relationship, the threshold was set 
at 45 dB to minimise the extraneous noise.   
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(a) 15 mm/min loading rate 
 
(b) 10 mm/min loading rate 
Figure 4.16. Rise Time-Amplitude for (a) 15 mm/min and (b) 10 mm/min loading rate 
Figure 4.16 (a) represents rise time versus amplitude for the sample subjected 
to 15 mm/min loading rate. In the range of 45 dB to 60 dB of AE amplitude, a 
heavily dense AE signal cluster was present where rise time varied in a wider range 
from 1 µs to 5000 µs. After 60 dB, the AE signals started to scatter as well as the 
number of AE signals were reduced. After 80 dB, no AE signals were recorded. At 
the end of the test, a couple of highest amplitude (99 dB) and longer rise time (above 
1000 µs) AE signals were observed, where final breakage occurred. Figure 4.16 (b) 
shows rise time versus amplitude plot for 10 mm/min loading rate. Like the faster 
loading rate, the denser signal cluster started from 1µs until 4000 µs of rise time and 
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from 45 - 60 dB of AE amplitude. The signal cluster then became scattered and the 
scattered area gradually reduced to 132 µs in the plot. There was no signal recorded 
after 80 dB till 99 dB. At 99 dB of AE amplitude, two longer (above 1000 µs) signals 
were found corresponding to the final breakage of the samples. Overall, the rise time-
amplitude graph showed the same type of damage mechanism where severe damage 
was much more distinct than minor crack generation and propagation.  
Irrespective of loading rate, the rise time-amplitude plots can be divided into 
three distinguishable areas to assess damage severity level related to the AE signal. 
The first area can be considered from 45 to 60 dB, where relatively weaker AE 
signals were recorded under tensile load. In this area, micro cracks generated and 
propagated, thus reducing the AE amplitude [58, 61, 86]. The second area can be 
considered from 61-80 dB for 15 mm/min and 10 mm/min, where yielding as well as 
strain hardening was encountered. This can be justified from Table 4.4, where yield 
point relevant AE signals were in the range from 68~80 dB. During this time, new 
micro cracks originated, thereby the amplitude showed as moderately higher. The 
last part consisted of two strong AE signals, where rise time and amplitude both were 
higher than other areas. As the major cracks are related to higher amplitude and 
longer rise time [58, 91], thus strong signals recorded indicate major/severe cracks. 
By the observation during the test, the fracture can be considered as shear crack. The 
correlation of rise time and amplitude exhibits very clear assessment of damage 
severity (minor damage, and major damage) under tensile load.                   
4.4.9 Transient Records: Flexural Test 
Though parameter based analysis is simple and beneficial, there are several 
problems associated with it, such as discrepancy of one parameter results from 
another, effect of materials’ dimension, composition, noise from environment. Thus 
signal based or waveform-based analysis associated with parameters-based analysis 
could be useful for effective damage severity evaluation and assessment. 
Transient record (also known as AE waveform) is an important tool for AE 
analysis. Time domain and frequency domain both are considered as transient 
records, which contain valuable information about elastic wave source and the 
propagation medium of AE waveform. The frequency domain is the frequency 
spectrum calculated from a fast Fourier Transform (FFT) algorithm of the time 
domain [41, 92].   
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(a) Load-Time plot with two major cracks 
 
(b) Time domain at 363 sec  
 
(c) Time domain at 549 sec 
 
(d) Frequency domain at 363 sec 
 
(e) Frequency domain at 549 sec 
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(f) Crack photo at 363 sec 
 
(g) Crack photo at 549 sec 
Figure 4.17. Time and Frequency domain for the second and third cracks with relevant photos 
Figure 4.17 (a-g) shows a representative load-time curve for 2 mm/min sample 
with four crack opening steps. Among the four cracks, the second (at 363 sec) and 
third crack (at 549 sec) are presented in the figure as they possess a longer load drop 
which are considered as brittle cracks; meaning AE parameters are expected to be 
strong signals at these points. Corresponding time domain or amplitude-time plot 
(Figure 4.17 b-c), frequency domain or FFT magnitude-frequency plot (Figure 4.17 
d-e) and photographs of the cracks (Figure 4.17 g-h) can be seen from the figure. In 
the time domain, magnitude of the amplitude corresponding to each crack was the 
same (±10 µvolt). Likewise, in the frequency domain the peak FFT magnitude was at 
around 120 KHz frequency, respective to each crack. The photographs in the figure 
represent enlarge crack view at 363 sec for the second crack and at 549 sec for the 
third crack, where crack length was different. 
Although the timing of the crack opening and number of cracks were different 
from sample to sample, the time domain and frequency domain for each crack was 
similar with the magnitude. This can justified from Table 4.3, where amplitude of 
AE was the same for each crack opening irrespective of loading rate. Thereby, the 
highest AE amplitude can be considered as an indication of the severe damage, even 
though the damage intensity (here crack length) could be varied. The oblique crack 
profile from the photograph of the crack opening step confirms shear crack.  
4.4.10 Transient Records: Tensile Test 
The transient record or AE waveform is a vital tool for AE analysis, where 
time domain and frequency domain both are considered as transient records. The 
transient records contain valuable information of transient elastic wave source as 
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well as AE waveform’s propagation medium. The frequency domain refers to the 
frequency spectrum calculated from a fast Fourier Transform (FFT) algorithm of the 
time domain [41, 92].   
 
(a) Load-Time plot with final fracture 
 
(b) Frequency domain at 155 sec 
 
(c) Time domain at 155 sec 
 
(d) Crack photo at 155 sec 
Figure 4.18. Time and Frequency domain for the fracture with relevant photo 
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A representative load-time curve of tensile sample for 10 mm/min loading rate 
can be seen in Figure 4.18 (a-d). In Figure 4.18 (a), only final fracture was 
considered, along with corresponding time domain or amplitude-time plot (Figure 
4.18 b), frequency domain or FFT magnitude-frequency plot (Figure 4.18 c) and 
photographs of the failure (Figure 4.18 d). The final fracture was considered shear 
crack (also brittle crack). The frequency domain (Figure 4.18 b) presents peak FFT 
magnitude at 154 KHz and the time domain (Figure 4.18 c) shows the amplitude of 
the fracture, which is ±10 µvolt. The photograph (Figure 4.18 d) represents final 
fracture of the sample and also confirms that the final failure was shear as it shows 
oblique fracture. 
Even though the timing of the failure was different from sample to sample with 
variation of loading rate, the time domain and frequency domain for each damage 
(minor or major) was similar to the magnitude. Thereby, the AE parameters, 
especially AE wave amplitude and peak FFT magnitude can be considered as an 
indication of the severe damage, even though the damage intensity could be varied.   
4.5 COMPARISON WITH HIGH CARBON STEEL SAMPLES 
A study was done in [84] on high carbon (0.95%) steel samples under a three 
point bending test for quantification of crack by using acoustic emission parameter 
analysis. The loading rate that was used for the fore mentioned study was 2 mm/min, 
which was also used in the present study. Therefore, a comparative study has been 
performed in this section to obtain a view about the behaviour of acoustic emission 
under flexural testing using AE amplitude as an analysis tool to quantify the damage. 
Figure 4.19 and Figure 4.20 show load-time, photograph of final crack and, 
amplitude-time graphs for high carbon steel obtained from the report in [84] and low 
carbon steel obtained from the present study respectively. 
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(a) high carbon steel sample [84] 
 
     (b) low carbon steel sample 
 
(c) high carbon (0.95%) steel sample  [84] 
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(d) low carbon (0.15%)  steel sample 
Figure 4.19. Comparative study of load-time graph for (a) high carbon and (b) low carbon steel 
samples and final stage of sample after test for (c) high carbon and (d) low carbon steel  
It is very clear from the load-time (Figure 4.19 a-b) graph that for high carbon 
steel there were five severe damages (brittle crack) occurred, while for low carbon 
steel, the number of instances of severe damage (brittle crack) was three under 2 
mm/min loading rate. This means that for high carbon steel the brittle fracture 
occurred more times than that of low carbon steel as expected. Moreover, the crack 
propagation path (from Figure 4.19 c-d) is very different; for high carbon steel the 
path was almost straight, while for low carbon it was almost oblique. This crack path 
direction can also be characterised by tensile and shear crack. However, in the high 
carbon steel study, initial visible crack was not considered. For the both studies, a 
loud audible crack sound was heard with each crack opening step, which confirms 
that all crack opening steps were brittle. Another interesting fact about the high 
carbon steel was that the load drop at each crack was much longer than that of low 
carbon steel. From the amplitude versus time graph (Figure 4.20 a-b), a very similar 
scenario can be seen; amplitude of every crack had higher AE amplitude, which was 
around 99 dB.  
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Figure 4.20. Comparative study of amplitude-time graph for (a) high carbon and (b) low carbon steel 
sample 
To conclude, it can be said from this comparative study that severe damage has 
the same AE amplitude irrespective of material type. The crack behaviour of the low 
carbon steel samples is mainly ductile crack propagation with few brittle fractures, 
while for high carbon steel the behaviour is mainly brittle fractures with little ductile 
crack propagation as expected. However, this comparison was done on a very 
smaller scale; further severity analyses like rise time-amplitude, signal strength-load, 
rise time-load need to performed to draw a clear conclusion on the comparative study 
of AE signal behaviour on the content of various carbon steels. The mainly oblique 
direction of the crack propagation for low carbon steel is in agreement with shear 
crack mode (Mode II), while straight crack propagation path indicates tensile crack 
mode (Mode I) based on Ohno et al model [59]. 
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4.6 CONCLUSIONS 
AE parameter analysis (signal strength and correlation analysis) was 
successfully correlated to failure mechanism of the steel samples under two 
mechanical loading (flexural and tensile). The visual observation during the test and 
photograph taken during important damages confirmed the failure mechanism of the 
samples. The key findings found from this chapter can be summarised as follows: 
 The crack behaviour of the steel samples found in this study was mainly 
ductile with few brittle fractures as expected because of low carbon steel. The mainly 
oblique direction of the crack propagation was in agreement with the shear crack 
mode.  
 Load drop directly affects the crack opening as well as influences the 
intensity of AE events. Moreover, post ultimate load zone is critical to determine the 
future failure or damage. AE parameters during post ultimate load zone could be an 
effective indicating tool for forthcoming damage of the materials. 
 Signal strength analysis can be used to discriminate brittle fracture from 
ductile fracture of the steel samples accurately. Signal strength was found to have big 
leaps at the shear fracture irrespective of loading rates. AE energy can provide 
potential information regarding damage indicating major and minor damage 
accurately. Longer duration of signals can only indicate the damage of the sample, 
but cannot assess the damage appropriately. In the case of tensile test samples, 
fracture AE energy could be an indication tool to determine the future severe failure 
or damage as it appears couple of seconds before the final failure. 
 Higher amplitude and longer rise time are indicative AE parameters to severe 
damage level, while lower than certain value with shorter rise time are relevant to 
minor damage. This plot also useful to evaluate the crack propagation in the sample. 
The plot is more pronounced to distinguish for tensile test results. Rise time shows 
consistent behaviour for both types of loading rates.  
 Time domain and frequency domain found from the present study provide an 
idea of severe damage/failure relevant AE signals because their magnitudes were 
found same.  
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 With comparison between high carbon and low carbon steel, damage severity 
intensity can be estimated. In depth study is required to establish the effect of 
mechanical properties of carbon steel on damage severity.  
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Chapter 5: Conclusions 
This chapter outlines the summary of the present research followed by future 
recommendations. A summary of the motivation and importance of this research was 
provided in the first chapter. The contribution to knowledge and practical 
implications were discussed in the literature review chapter. The significant 
outcomes from the application of the acoustic emission analysis into carbon steel 
samples were described in detail. Finally, recommendations for future work have 
been outlined. 
5.1 SUMMARY 
Structural health monitoring has become a popular monitoring tool for 
maintenance of aged civil infrastructures to avoid extra financial investment and 
further safety performance of the structures. The acoustic emission (AE) technique is 
one of many structural health monitoring (SHM) techniques which has proven to be a 
reliable non-destructive testing tool over last 50 decades. Because of the high 
frequency of AE signals, the volume of the data extracted from the signals becomes a 
challenge for effective data analysis; thereby, it has become an area of research 
interest for many researchers. Several new attempts have been made to explore the 
effectiveness of AE analysis. Some of the areas of interest of AE data analysis 
include locating the fault/damage source of the materials, identifying the sources and 
quantifying the damage level. The present research has focused on quantifying and 
assessing the damage severity level. To accomplish the evaluation and assessment of 
damage, this study has explored analysis tools by correlating AE parameters with 
failure mechanism of the steel samples, which were subjected to flexural and tensile 
loading. Among many damage severity analysis techniques, AE signal strength 
analysis was implemented in the present study to quantify the manifested damage in 
the low carbon steel samples. Another common but effective method (Correlation 
analysis) has been used where one or two AE classic parameters were correlated to 
damage mechanism for assessing and evaluating damage.  
During the tests (flexural and tensile test), carbon composition and dimension 
of the samples were specially considered by exploring previous study, as they are 
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critical part for the tests. Crack length was an important part for correlating the 
failure mechanism with AE parameters; thereby gridlines on the samples were 
marked manually to measure approximate crack length. Stable ductile crack 
propagation was found in samples with few brittle fractures as expected because of 
low carbon steel samples. The oblique direction of the crack propagation was 
indicating shear crack mode (Mode II) in the samples. Load drop was found 
influential for crack opening and intensity of AE events. In addition, post ultimate 
load zone was critical to determine the forthcoming severe damage. Signal strength 
and cumulative signal strength analysis successfully discriminated major damage 
from minor damage of the steel samples. AE energy, rise time and amplitude were 
other AE parameters which classified the damage severity appropriately. However, 
duration of AE signals was only able to evaluate the damage of the sample, not 
assessed the damage severity level appropriately. The photographs taken during the 
test was used to verify the damage assessment and evaluation. To make the analysis 
effective, signal based or waveform-based analysis was conducted associated with 
parameters-based analysis. In both experiments, transient records (time domain and 
frequency domain) were analysed and it was found that there was a change in 
transient records between healthy and damaged stages of the samples. Here, only 
transient records of the damage stage were presented. The comparison between high 
carbon and low carbon steel gave an insight idea of damage severity intensity. 
However, in-depth study is required to establish the effect of mechanical properties 
of carbon steel on damage severity.  
The findings from the experiments are useful indications of future damage 
propagation and have achieved successfully to address the research questions of the 
present study. In concluding remarks, it can be stated that the manifested real 
acoustic emission sources were generated to develop analysis tools for effective 
damage evaluation and assessment. It is believed that these tools can be used as a 
reliable preliminary study for further comprehensive research on damage assessment 
for large scale samples and successful real time application can be implemented on 
real time monitoring. 
5.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
Although the results from the study are encouraging, there is a need of 
improvement and further research to establish the effective and advance analysis tool 
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in acoustic emission technique. Some of the future work recommendations can be 
made as follows: 
1. Carbon composition and dimension of the samples were critical part in the test. 
Therefore, test on a wide range of carbon composition and variation of sample 
dimensions could draw a remarkable conclusion regarding the correlation between 
crack propagation and material property. Comparing the outcomes from different test 
will help to find out the most suitable steel materials for bridge usage.  
2. Statistical and waveform analysis approach can be conducted to assess the damage 
severity level and comparison the results with parameter analysis can be done. The 
comparison among these results would be helpful suggestion for further AE analysis 
on suitable materials. 
3. Different aspects of AE testing should be revisited to verify the effective damage 
severity tool so that real time implementation can be done successfully. Moreover, 
more precise method can be adopted to measure the crack length accurately. 
4. Due to time constraints, real time tests could not be done during this research 
study. A real time test on small scale steel structures can verify the AE analysis 
techniques conducted in this study. However, in real time testing, several factors 
should be considered, such as environmental factors (rain, wind, and snow), real time 
noise level, and dimensions of the structural test samples.    
5. Larger structures in real time are subjected to higher loading variations, as well as 
various loading configurations. Therefore, in future study, loading configuration 
must be considered seriously. In the present study, displacement-based loadings were 
considered. In future, higher loading rates and fatigue testing with cyclic lading 
should be attempted. With the variation of the loading rate and configuration, the 
developed AE analysis tools presented in this study can be applied.      
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